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Foreword 


You have in your hand the second Official Guide designed to help students prepare for examinations 
produced under the auspices of the Division of Chemical Education (DivCHED) of the American Chemical 
Society (ACS). The first guide, published in 1998 for general chemistry students, has proved to be a very 
popular—some would say absolutely essential—resource for students preparing to sit for ACS general 
chemistry examinations. The printer’s ink from the first Official Guide was still wet when requests started 
pouring in for an organic chemistry study guide. 

As we have done so often in the past, we called on colleagues in the chemistry education community to 
help us put the guide together. A distinguished group of active, and respected, organic faculty members 
from all over the country accepted the challenge, rolled up their sleeves, and went to work. (A complete list 
of who did what appears on the Acknowledgements page.) This Official Guide, more than two years in the 
making, is the culmination of their wonderful volunteer efforts. 

As a discipline, chemistry is surely unique in the extent to which its practitioners provide beneficial 
volunteer service to the teaching community. ACS exams have been produced by volunteer teacher-experts 
for more than seventy years. Other projects of the Examinations Institute invariably benefit from the 
abundance of donated time, effort, and talent. The result is that invariably high quality chemistry 
assessment materials are made available to the teaching (and learning) community at a fraction of their real 
value. 


The two Official Guides that have been released so far are intended to be ancillary student materials, 
particularly in courses that use ACS exams. As we noted in the Foreword to the general chemistry study 
guide, the care that goes into producing ACS exams may be lost on students who view the exams as foreign 
and unfamiliar. The purpose of this series of guides is to remove any barriers that might stand in the way of 
students demonstrating their knowledge of chemistry. The extent to which this goal is achieved in the 
organic study, guide will become known only as future generations of chemistry students sit for an ACS 
exam in organic chemistry. 

We wish them the best. 


1. Dwaine Eubanks 
Lucy T. Eubanks 


Clemson, South Carolina 
February, 2002 
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How to Use This Book 


Every year, students tell us that they really know more than they demonstrate on their final 
examination in organic chemistry. Sometimes the questions are described as “tricky”; sometimes 
insufficient time is thought to be the problem; and sometimes the material is judged to differ from what was 
covered in class. These problems most often result from chemistry having been learned as a set of formulas 
and techniques, rather than as a coherent set of conceptual models that enables comprehension of the 
submicroscopic world. We urge you, as you are learning chemistry, to strive for genuine understanding of 
the concepts and models. For example, rote learning of named organic reactions that are meaningless to 
you is not learning chemistry; and that knowledge will not serve you well at exam time. 

The major divisions of this book correspond to the common groupings of topics covered by ACS 
exams for organic chemistry. If you are taking an exam that covers the full year of organic chemistry, all of 
the topic groups can be expected on the exam. 

Each topic group is introduced with a short discussion of the important ideas, concepts, and knowledge 
that are most frequently stressed in organic chemistry courses. These discussions are not a substitute for 
studying your textbook, working the problems there, and discussing the challenging ideas with your 
teachers and fellow students. Rather, they are reminders of what you have studied and how it fits into a 
larger understanding of that part of the natural world that we call chemistry. 

Next, questions are presented that address those ideas. These questions have been drawn from past 
ACS exams, and they should give you a good idea of the depth and range of understanding that is expected. 
Each question is dissected, and you will see how chemists think through each of the questions to reach the 
intended response. You will also see how choosing various wrong responses reveal misconceptions, 
careless computation, misapplication of principles, or misunderstandings of the material. Knowing how 
each incorrect answer is generated will assist you in diagnosing problems with your grasp of the principle 
being examined. 


The most effective way to use this book is to answer each Study Question before looking at the 
discussion of the item. Jot down a note of how you arrived at the answer you chose. Next, look at the 
analysis of the question. Compare your approach with that of the experts. If you missed the item, do you 
understand why? If you chose the correct response, was it based on understanding or chance? After you 


have spent time with the Study Questions, treat the Practice Questions as if they were an actual exam. 
Allow yourself 50 minutes, and write down your response to each question. Finally, score yourself. Go 
over the practice questions again. Write down what you needed to know before you could answer the 
question; and write down how you should think the problem through to reach the intended answer. 


This book is designed to help you demonstrate your real knowledge of chemistry. When you take a 
organic chemistry examination prepared by the American Chemical Society Examinations Institute, you 
should be permitted to concentrate on demonstrating your knowledge of chemistry, and not on the structure 
of the examination. We sincerely hope that The Official Guide will enrich your study of chemistry, and 
minimize the trauma of effectively demonstrating what you have learned. 


Sample Instructions 


You will find that the front cover of an ACS Exam will have a set of instructions very similar to this. 
This initial set of instructions is meant for both the faculty member who administers the exam and the 
student taking the exam. You will be well advised to read the entire set of instructions while waiting for the 
exam to begin. This sample is from the organic chemistry exam released in 2002. 


TO THE EXAMINER: This test is designed to be taken with a special answer sheet on which the student 
records his or her responses. All answers are to be marked on this answer sheet, not in the test booklet. 
Each student should be provided with a test booklet, one answer sheet, and scratch paper; all of which must 
be turned in at the end of the examination period. The test is to be available to the students only during the 
examination period. For complete instructions refer to the Directions for Administering Examinations. 
Norms are based on: 


Score = Number of right answers 
70 items — 120 minutes 
TO THE STUDENT: DO NOT WRITE ANYTHING IN THIS BOOKLET! Do not turn this page until 
your instructor gives the signal to begin. When you are told to begin work, open the booklet and read the 
directions on page 2. 


Note the restriction on the time for administering the exam. This restriction applies to allow your 
results to be compared to national norms, ensuring that all students have had the same tools and time to 
display their knowledge. Your instructor may choose not to follow the time restriction, particularly if they 
do not plan to submit your data as part of the national process for calculating norms. 

Be sure to notice that scoring is based only on the number of right answers. There is no penalty, 
therefore, for making a reasonable guess even if you are not completely sure of the correct answer. Often 
you will be able to narrow the choice to two possibilities, improving your odds at success. You will need to 
keep moving throughout the examination period, for it is to your advantage to attempt every question. Do 
not assume that the questions become harder as you progress through an ACS Exam. Questions are not 
grouped by difficulty, but by topic. 

Next, here is a sample of the directions you will find at the beginning of an ACS exam. 


DIRECTIONS 


When you have selected your answer, blacken the corresponding space on the answer sheet with a soft, 
black #2 pencil. Make a heavy, full mark, but no stray marks. If you decide to change an answer, erase 
the unwanted mark very carefully. 

Make no marks in the test booklet. Do all calculations on scratch paper provided by your instructor. 


There is only one correct answer to each question. Any questions for which more than one response has 
been blackened will not be counted. 

Your score is based solely on the number of questions you answer correctly. It is to your advantage to 
answer every question. 

The best strategy is to arrive at your own answer to a question before looking at the choices. Otherwise, 
you may be misled by plausible, but incorrect, responses. 


Pay close attention to the mechanical aspects of these directions. Marking your answers without 
erasures helps to create a very clean answer sheet that can be read without error. As you look at your 
Scantron® sheet before the end of the exam period, be sure that you check that every question has been 
attempted, and that only one choice has been made per question. As was the case with the cover 
instructions, note that your attention is again directed to the fact that the score is based on the total number 
of questions that you answer correctly. You also can expect a reasonable distribution of A, B, C, and D 
responses, something that is not necessarily true for the distribution of questions in The Official Guide. 
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Nomenclature 


Nomenclature is an important part of chemistry. Being able to determine the proper name for a structure or 
writing out the structure corresponding to the name of a compound is essential to communicate chemical 
information. Nomenclature is the vocabulary of chemistry. It is impossible to communicate effectively about 
chemistry without knowing the proper names of compounds. Fortunately, organic nomenclature is quite well 
organized and systematic. 

The most widespread system of nomenclature is that devised by the International Union on Pure and Applied 
Chemistry (IUPAC). It is more useful to know how to name or identify a few basic structural units than it is to 
memorize every nuance of IUPAC nomenclature. A solid knowledge of identifying and naming chains, aliphatic and 
aromatic rings, alcohols, alkenes, alkynes, carboxylic acids (and derivatives), aldehydes and ketones is essential. 
Practicing a wide variety of nomenclature problems is the best way to become proficient in organic nomenclature. 

A long, detailed guide on how to name every kind of organic compound is not very useful, because there is 
simply too much to remember. What you need for most nomenclature questions is encapsulated in this brief list of 
necessary skills and helpful hints: | 

(1) It is essential to know the names and structures of the major functional groups. Also, you must know how 
to incorporate each functional group into the name of a compound. Nomenclature questions often give 
nonexistent functional groups as incorrect choices. If you can recognize the bogus groups, you can 
eliminate those choices from consideration. 

(2) Nomenclature questions often involve distinguishing among various types of isomers. It is important to 
know the basic definitions of isomers (constitutional isomers, stereoisomers, enantiomers, diastereomers, 
and so on). You should be able to determine the (R)/(S) configuration of stereo centers. Other important 
naming conventions to know are when (and how) to use cis and trans or (Z) and (E) when describing 
alkenes; cis and trans to describe the relationship of substituents on cyclic compounds; and ortho, meta and 
para when dealing with aromatic compounds. 

(3) Most nomenclature problems should take no more than 2 minutes to complete. Problems with more than 
three functional groups, or with very unusual functional groups, are seldom included on exams. 


Study Questions 


In the structure shown, the functional 
groups in the triangle, rectangle, 

pentagon and circle (in this same order) 
are 


О 
1 
EM CH41C-0- CH; а) 


(В) 
(D) 


(A) 
(C) 


amine, ketone-ether, ether, amide 


amine, ester, ether, amide 


amide, ester, ether, ketone—amine 


amine, ester, ether, ketone—amine 


€— вое hOLEEDSESERSERERSESESSGSOROSES EEN EDOSSOSESESESDSOSSED EDS SESEAD SOE EEERE ROSE DASSERSOD ERS ESEAEE ножек инея ето ии чтож ини, 


Knowledge Required: (1) Recognition of functional groups. (2) Names of the various functional groups. 


Thinking it Through: The functional group inside the triangle is an amine; an amide would have a nitrogen 
atom attached to a carbonyl group. Therefore, choice (B) is eliminated. The functional group inside the rectangle is 
an ester, not a falsely named ketone—ether group. Thus, choice (A) can be eliminated. This leaves choices (C) and 
(D), both of which have the pentagon containing an ether functional group. The group inside the circle has an NH, 
attached to a carbonyl group and is an amide. Thus, choice (C) is the correct answer. Choice (D) has a falsely 
named ketone-amine functional group. 


Nomenclature 


NM-2. What is a correct IUPAC name for this compound? СНз-СН-СНз 
CH;-CH;-CH?-CH; 
СНз-С-СНз 
CH; 


(A) 1,1,1,6-tetramethylheptane (B) 1-tert-butyl-4-isopropylbutane 


(C) 2,2,7-trimethyloctane (D) 1-tert-butyl-4-isopropyloctane 


Knowledge Required: (1) Procedure for naming alkanes. (2) Identification of alkyl groups. 


Thinking it Through: The number of carbon atoms in the longest continuous chain is eight, and the parent 
hydrocarbon is an octane. Thus choices (A) and (B) cannot be correct. Although choice (B) does contain an 
isopropyl group and a tert-butyl group, some of the carbon atoms that make up these groups are actually part of 
the main chain. Naming the compound as a substituted butane does not indicate that the longest chain has eight 
carbon atoms. Choice (D) can be rejected because the so-called isopropyl group and a tert-butyl group are counted 
both as substituents and as part of the main chain. Such ‘double counting’ is not allowed. Choice (C) is correct 
because the eight-carbon atom chain and the three methyl groups are clearly identified with the lowest set of locants 
(numbers). In this case, carbon atom number 1 is at the lower left. 

Note that the name “2,7,7-trimethyloctane” (resulting from numbering from the opposite end of the molecule) 
is not acceptable because the two methyl groups on the carbon atom next to the left end of the chain give this end 
priority in numbering. 


NM-3. What is the IUPAC name for this compound? OH 
CH3- CH- CH-CH;- С CH; 
CH3- CH3 


(A) 4-hydroxy-5-methyl-2-heptanone (B) 5-ethyl-4-hydroxy-2-hexanone 
(C) 2-ethyl-3-hydroxy-5-hexanone (D) 4-hydroxy-3-methyl-6-heptanone 


нь 


Knowledge Required: (1) Procedure for naming and numbering ketones. (2) Setting priorities of functional 
groups when assigning numbers. 


Thinking it Through: Because ketones (and aldehydes) have higher priority than alcohols, the compound 
should be named as a ketone rather than as an alcohol. The alcohol should be named as a substituent on the ketone 
molecule. (Related note: carboxylic acids and their derivatives have higher priority than ketones, so a carboxylic 
acid carbon atom is always number one.) When assigning names to ketones, find the longest continuous carbon 
atom chain containing the carbonyl group. Here, the longest chain has seven carbon atoms; therefore the compound 
name is based upon heptanone. Next, identify the substituents, which are a hydroxyl group and a methyl group. 
Number the carbon atoms starting from the end that will give the carbonyl carbon atom the lowest possible 
number. 

Choice (B) is incorrect because it designates the horizontal carbon atom chain as the main chain. This chain 
has only six carbon atoms and is not the longest present in the molecule. This is a common error; the longest 
chain is not necessarily the horizontal one. Choice (C) is incorrect for the same reason. Moreover, the hydroxyl 
group is given higher priority in numbering than the carbonyl group, which is also incorrect. Choice (D) is 
incorrect because the hydroxyl group is incorrectly given higher priority than the carbonyl group. Choice (A) is 
the correct answer. 


Nomenclature 


NM-4. What is the IUPAC name for this compound? 


]-methyl-4-ethyl- 1 -pentanol 1,4-dimethyl-1-hexanol 
3-methyl-6-heptanol 5-methyl-2-heptanol 


Knowledge Required: (1) Procedure for naming alcohols. (2) Identification of alkyl groups. 


Thinking it Through: The first step in naming alcohols is to identify the longest continuous carbon atom 
chain containing the hydroxyl group. Here, the longest chain containing the -OH has seven carbon atoms, so the 
compound is a heptane derivative. Second, identify the substituents that are present. Here, a methyl group is 
present. Third, number the chain (or ring) to give the hydroxyl group the lowest number possible. 

Choice (A) is incorrect because its name indicates the compound is a pentane derivative. Choice (B) is also 
incorrect because it does not correctly indicate the longest chain present. Choice (C) is wrong because even though 
the compound is correctly identified as a heptane derivative, the molecule is numbered starting at the wrong end of 
the chain. Choice (D) is the correct answer because the seven-carbon atom chain is correctly identified and the 
hydroxyl group is correctly assigned the lowest possible number. 


NM-5. What is the IUPAC name for this compound? CH3CH;CH;CH;CHCH;CH;CHs 


o*€*o- Na* 


sodium 2-propylhexanoate 


Knowledge Required: Procedure for naming carboxylic acids. 


Thinking it Through: When assigning names to carboxylic acids, first find the longest continuous carbon 
atom chain containing the carboxylic acid group. The carboxyl group counts as a carbon atom when computing the 
length of the chain. In this case, the longest chain has six carbon atoms, so the compound is a derivative of 
hexanoic acid. As before, the second step is to locate and identify the substituents. A propyl group is present. 
When numbering a carboxylic acid, the carboxylate carbon atom is always number one, so the propyl group is on 
С-2. The compound is a sodium salt of 2-propylhexanoic acid, so the correct answer is (B). 

Choice (A) is incorrect because it uses non-IUPAC terms. Moreover, caproic acid is a trivial name for 
hexanoic acid. Choice (C) can be rejected because the name indicates that the carboxylic acid is a substituent on an 
eight-carbon atom main chain. This is not part of IUPAC naming procedure. Choice (D) is incorrect because it 
states that the main chain has five carbon atoms and that the carboxyl group is a substituent on it. Remember that 
the carboxyl group counts when determining how many carbon atoms are in a chain. 


Nomenclature 


NM-6. What is the IUPAC name for this compound? о 
CH3- C- OCH;CH;CH; 


(A) methyl butanoate (B) methyl propanoate 
(C) propyl methanoate (D) propyl ethanoate 


Knowledge Required: Procedure for naming esters. 


Thinking it Through: Esters are derivatives of carboxylic acids and alcohols. To name an ester, identify the 
alkyl group that is in the “alcohol” portion of the molecule and name it, then identify and name the “acid” part о 
the molecule. The ester is named with the alkyl part first, and the acid part is named as a carboxylate. For example, 
the ester of benzoic acid and methanol would be named as methyl benzoate. 


R—C-OH + H-O-R' — R-C-O-R’ +H,0. 
“acid “alcohol 

In the problem, the alcohol portion is derived from 1-propanol. Therefore, the alkyl group is a propyl group. 
The carboxylic acid portion of the molecule is derived from ethanoic acid. Thus the answer is propyl ethanoate, 
which is (D). 

A helpful hint: Use “carbon atom counts” to eliminate choices which do not correspond to that of the given 
structure. For example, the ester CH,CH,CH,COOCH,CH, contains a total of six carbon atoms. Therefore any 
suggested name whose components would contain other than six carbon atoms must be wrong and that choice can 
be eliminated. If the name “propyl ethanoate” were a possible answer, it could be rejected immediately because the 
propyl group contains three carbon atoms and ethanoate contains two carbon atoms, for a total of five. Similarly, 
if the question asked which of four structures correspond with a given name, it should be possible to count up the 
number of carbon atoms suggested in the name and reject any possible structures that differ from this number. This 
approach will often narrow the choices, but it is usually necessary to examine the alkyl and acid portions of the 
ester closely to be absolutely sure. 


Using this “carbon atoms counts" approach, choice (B) can be rejected because methyl propanoate is derived from 
methanol (1 carbon atom) and propanoic acid (3 carbon atoms). The molecule shown in the question has five 
carbon atoms, so choice (B) can be eliminated from consideration. Similarly, choice (C) is eliminated because the 
name describes an ester derived from a 3-carbon-atom alcohol and a 1-carbon atom carboxylic acid. If two or more 
choices have the correct number of carbon atoms, then look at the structures of the alcohol's alkyl group and at the 
carboxylic acid portion to determine which choice is correct. For example, choice (A) cannot be the correct answer 
because methyl butanoate would have a methyl group as the alcohol part of the ester and be derived from butanoic 
acid. A glance at the given molecule shows that it is not derived from butanoic acid, so this choice must be 
incorrect. 


Nomenclature 


NM-7. What is the IUPAC name for this compound? CH; О 
pr n 
CH5-CH-CH-CH-C- OH 


(A) 4-methyl-2-pentenoic acid (B) 2-methyl-3-pentenoic acid 
(C) 5-hydroxy-4-methyl-2-penten-5-one (D) 1-hydroxy-2-methyl-3-penten-1-one 


Knowledge pee (1) шин of functional groups. у: Procedure for naming cac acids. 
(3) Procedure for naming alkenes. (4) Setting priorities of functional groups when assigning numbers. 


Thinking it Through: When solving nomenclature problems, immediately reject any choice containing a 
nonexistent functional group. For example, if a molecule contains the CONH, group, one of the choices may 


contain the phrases such as “amino ketone” or “ketoamine.” Note that these two terms are not true functional 
groups. Correct terms for this group are “amide” or “carboxamide.” Similarly, take care not to mistake one real 
functional group for another, such as amide for amine or vice versa. 

The procedure for determining the proper name for this compound is similar to the previous problems. The 
two functional groups present are a carboxylic acid and an alkene. First number the main chain containing the 
carboxylic acid. This chain has five carbon atoms, so the name will be derived from pentanoic acid. Choices (C) 
and (D) can be eliminated because they call the carboxylic acid group a hydroxyketone—a nonexistent functional 
group. (Note that there are ketones containing hydroxyl groups, but they never have the hydroxyl group attached to 
the carbonyl carbon atom. A hydroxyl attached to a carbonyl group is a carboxylic acid, period.) 


Next, the chain has to be numbered. Carboxylic acid groups have absolute priority in numbering, so the carboxylic 
acid carbon atom is always С-1. Therefore, the methyl group is on C2, and the double bond is between C—3 and 
C-4. Choice (A) can be eliminated because the chain is numbered from the end opposite the carboxylic acid. 
Choice (B) is the correct answer. 


NM-8. Which is the structure of N-benzylethanamide? 


(A) j (B) 
i «2 в 
СНз-СН,-МН 


Thinking й Through: Consider ће name of the compound: N-benzylethanamide. This name says it is based 
on ethanamide (the primary amide derived from ethanoic acid) so it is based on the general structure CH,CONH,. 
The name also says that there is a benzyl group attached to the nitrogen atom. The benzyl group is С,Н,-СН,-. 
Therefore the correct answer is choice (A). Choice (C) can be eliminated because it does not contain an amide 
group. This compound is N-ethylaniline. Choice (B) is also incorrect because there is no amide group present. 
This compound is benzylethylamine. Choice (D) contains an amide group and is indeed derived from ethanamide. 
However, note that the group attached to the nitrogen atom is a phenyl group, not a benzyl group. It is all too 
easy to confuse the phenyl and benzyl groups, so care must be taken when looking at names or structures. 


Nomenclature 


NM-9. What is the IUPAC name for this compound? 


(A) ortho-bromocyclohexanol endo-2-bromocyclohexanol 
(C) cis-2-bromocyclohexanol trans-2-bromocyclohexanol 


Knowledge Required: (1) Procedure for naming alcohols. (2) Procedure for naming cyclic compounds. 
(3) Designating stereochemistry in cyclic compounds, especially cyclohexane derivatives. 


Thinking it Through: Each of the choices includes a term describing the relative locations of two substituents. 
Only one of these is correct. Choice (A) can be rejected because the term “ortho” is used in conjunction with 
naming benzene derivatives (The term “‘ortho” is used to describe two substituents which are on adjacent carbon 
atoms on a benzene ring.) Choice (B) is incorrect because the term “‘endo” is not used when naming cyclic 
compounds. (The term “endo” is often used to describe the position of substituents on a bridged bicyclic ring 
system.) To distinguish between the remaining two choices, examine the relative positions of the bromo and 
hydroxyl groups in the structure. The bromine atom is on the top face of the ring, as is the hydroxyl group. 
Therefore the two substituents are cis in configuration. Therefore the correct answer is choice (C). If the two 
substituents were on opposite faces, they would be trans. 


NM-10. What is the IUPAC name for this compound? 


\ 
CH;CH(CH3); 


(A) (E)-3,5-dimethyl-2-hexene (B) (Z)-3,5-dimethyl-2-hexene 
(C) (Z)-1,2-dimethyl-2-isobutylethylene (D) (E)-3,5,5-trimethyl-2-pentene 


Knowledge Required: (1) Procedure for naming alkenes. (2) Procedure for determining Z/E relationships. 


Thinking it Through: When naming alkenes, the first step is to locate the longest chain that contains the 
double bond(s). In this case, the longest chain contains six carbon atoms, so the compound is a hexene derivative. 
This eliminates choices (C) and (D) from consideration. Next, the substituents are identified and their locations 
determined. In this case, choices (A) and (B) both correctly indicate that there are two methyl groups present, on 
C-3 and C-5. 

The third step when naming alkenes is to determine whether Z/E isomers can exist. Here, the two groups 
attached to С-2 are different, as are the two attached to C—3. Therefore Z/E isomers are possible. To determine 
whether the alkene is Z or E, use the Cahn-Ingold-Prelog convention to assign priorities to the groups at each end 
of the double bond. (The Cahn-Ingold-Prelog convention is also used to assign (R) or (S) to chiral compounds.) 
On C-2, the methyl group has higher priority than the hydrogen atom, and on C-3, the isobutyl group has higher 
priority than the methyl group. Because the two higher-ranking alkyl groups are on opposite sides of the double 
bond (trans), it is the E isomer. Choice (A) is the correct answer. If the two higher-ranking groups were on the 
same side of the double bond (cis), then it would be the Z isomer. 

Helpful hints: (1) The Z comes from the German word zusammen, “together,” whereas E comes from 
entgegen, “opposite.” (2) To help keep Z and Е straight, опе can remember the saying “Z means the higher ranking 
groups are on ће ‘Zame Zide' (same ѕійе).” 


Nomenclature 


NM-11. What is the proper name for this compound? 


(A) 4-bromo-2-ethyl-1-nitrobenzene (B) 4-bromo-2-ethylaniline 
(C) p-bromo-o-ethylnitrobenzene (D) p-bromo-o-ethylaniline 


ЕЕ 


К = 


Kaowieige Required: (1) Procedure for naming aromatic ers (2) эин use of ortho, meta and рага. 


Thinking it Through: The -NH, group means that instead of being named as a substituted benzene, it is 
named as a substituted aniline. Therefore, choices (A) and (C) can be eliminated. A “nitro” group would be NO,. 
When numbering aromatic rings, it is generally done to give the lowest possible set of numbers. When a 
substituent causes the parent name to be something other than benzene (such as the -NH, changing the name to 
*aniline"), the carbon atom with that substituent is designated С-1. The terms ortho, meta and para are used when 
benzene derivatives possess exactly two substituents; therefore, choice (D) can be rejected. Choice (B) is the 
correct answer. 


Which functional groups does a peptide bond contain? 


(B) aromatic ring 
(D) amide 


———————————————— À 


Knowledge Required: (1) Identification of functional groups. (2) Functional groups in biological molecules. 


Thinking it Through: Peptide bonds are formed when amino acids join to form peptides and proteins. Every 
amino acid contains carboxylic acid and amine functional groups, and most also contain functional groups in their 
side chains. To form a peptide bond, the amine group on one amino acid reacts with the carboxylic acid portion of 
another amino acid molecule, forming an amide. Thus, choice (D) must be the correct answer. Choice (A) can be 
rejected because esters are found in lipids such as triacylglycerols (fats and oils) and waxes. Aromatic rings are 
found in several amino acids, but they are part of the side chains, rather than part of the peptide bonds. Therefore, 
choice (B) can be rejected. Choice (C) cannot be the correct answer because an acetal has two alkoxy groups 
bonded to the same carbon atom. 


Practice Questions 


1. Whatis the 2. Whatis the proper ON OH 

IUPAC CH; OH name for this 

name for CH35-C-CH?-CH- CH?-CH; compound? B 

Е Д; 

this CH; 

compound? (A) 4-bromo-3-nitrophenyl 
(A) l-tert-butyl-2-butanol (B) p-bromo-m-nitrophenol 

(B) 5,5-dimethyl-3-hexanol (C) 4-bromo-3-nitrophenol 

(C) 2,2-dimethyl-4-hexanol (D) 1-bromo-2-nitrophenol 


(D) 1,1,1-trimethyl-3-pentanol 


Nomenclature 


3. Which compound is 
(E)-1,2-dichloro-2-pentene? 


(A) CH3CH2 CH;CI 


(B) CH;CH, Cl 
СЕ 
н сна 


(C) CH, H 


Cl 


4. What is the IUPAC Br O 


name for this structure? Se SS 


(A) 3-bromo-4-methylheptanone 
(B) 5-bromo-4-methylheptanone 
(C) S-bromo-4-methyl-3-heptanone 
(D) 3-bromo-4-methyl-5-heptanone 


5. Which is the structure of 
(Z)-3,5-dimethyl-3-nonene? 


(A) же 


. What is the 


TUPAC name for 


о 
МН-С-СН 
this compound? O j 
Br 


(A) N-(4-bromophenyl)ethanamide 
(B) p-bromobenzylethanamide 
(C) 4-bromobenzamide 

(D) N-(4-bromobenzyl)ethanamide 


. What is the IUPAC name for this compound? 


OH 
CH;CH, ' CH;-CH-CH; 


С=с, 
CH; H 


(А) (Z)-5-ethyl-4-hexen-2-ol 

(B) (2-3-methyl-3-hepten-6-ol 
(C) (E)-S-methyl-4-hepten-2-ol 
(D) (2)-5-methyl-4-hepten-2-ol 


. Which is the structure of 


N-phenyl-4-nitrobenzamide? 


9. 


10. 


Nomenclature 


What is the IUPAC HO СНз 11. Which of these molecules contains amide, 
name of this ketone, ester, and ether functional groups? 
compound? 
- (A) n П 
CH; CH3CCH;OCCH;CH;OCH;CH;NH; 
(A) m-hydroxy-m-xylene (B) 0 Q n 
. CH3CCH;0OCCH;CH;OCH;CNH; 
(B) 3,5-dimethylphenol 
(C) 24-dimethyl-6-hydroxybenzene (C) non n 
CH3OCCH;CCH;CNH; 
(D) 3-hydroxy-5-methyltoluene 
(D) 
П п 
What is the IUPAC CH3OCCHCH;CH;0CH;CH;CH;CH 
name of this NH; 
compound? 


(A) l1-methyl-4-isopropyl-1-cyclohexen-3-one 
(B) 1-methyl-4-isopropyl-3-ketocyclohexane 

(C) 5-methyl-2-methylethyl-5-cyclohexenone 
(D) 3-methyl-6-methylethyl-2-cyclohexenone 


Nomenclature 


Answers to Study Questions 


1.C 5.B 
2.С 6.0 
3.А 7. В 
4.D 8.A 


Answers to Practice Questions 
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Structure, Hybridization, Resonance, 
Aromaticity 


A simple way to understand the bonding between two or more atoms is to use the observation of G. N. Lewis 
that atoms are usually in a low energy arrangement if they have or share 8 valence electrons. Lewis structures 
should show all valence electrons and, where possible, the atoms should have octets. To determine the number of 
valence electrons, sum the number of valence electrons for each neutral atom and add an electron for each negative 
charge or subtract one electron for each positive charge. 

Formal charge on an atom in a molecule can be calculated by counting the non-bonded electrons associated with 
an atom and one-half of all bonding electrons. The formal charge on the atom is the difference between the count 
from above and the number of valence electrons associated with the neutral atom. The sum of the formal charges on 
the atoms of a molecule should equal the overall charge on the molecule or ion. The lowest energy structure is 
usually the Lewis structure where all atoms have octets (if possible) and there is the least amount of charge 
separation. 

A more sophisticated approach to bonding considers the atomic orbitals of atoms that combine to form 
molecular orbitals. With carbon atoms, there are four valence electrons, 2s”, 2p”. The s electrons are paired and the 
two p electrons are unpaired. To explain the four bonds that carbon atoms form, each carbon atom begins with four 
unpaired electrons. To get four orbitals the hybridization method is used. The four orbitals, one s orbital and three p 
orbitals, combine to form four new orbitals called sp? hybrid orbitals. These four orbitals orient toward the corners 
of a tetrahedron. The angle between each is 109.5°. Similar hybridization is found in nitrogen and oxygen atoms. 

When carbon atoms form multiple bonds, the hybridization is different and, consequently, the bond angles are 
different. For carbon-carbon double bonds, the carbon atoms are sp’-hybridized with 120° bond angles. The 
remaining p orbital is used to make a л bond. For carbon-carbon triple bonds, each carbon atom is sp-hybridized 
with a bond angle of 180°. The two remaining р orbitals are used to make two л bonds. 

With some molecules or ions there is more than one way to draw the Lewis structures where all the atoms have 
octets. With these structures the charge (if the structure is an ion) may be written on different atoms. These two or 
more structures represent what are called “resonance structures.” These Lewis structures represent delocalization of 
the л electrons of the molecule or ion. The “Real” molecule or ion is a composite of all the resonance structures. If 
more than one resonance structure can be written for a molecule this usually demonstrates that the molecule will be 
more stable than the individual Lewis structures would indicate. 

With ring systems resonance is often dramatic. Molecules are unusually stable if they are cyclic, planar, and 
have a continuous 7 system with 4n+2 electrons where n = 0, 1, 2, ... These molecules are said to be “aromatic”. 


Study Questions 


Which is an acceptable Lewis structure of СО (where formal charges are not shown)? 


Knowledge Required: (1) Rules for drawing Lewis Structures. (2) The number of valence electrons for carbon 
and oxygen atoms. (3) Rules for determining formal charge. 


Thinking it Through: Carbon atoms have four (4) valence electrons, oxygen atoms have six (6) valence 
electrons, and CO does not have a charge. The Lewis structure must show 10 valence electrons. Choice (C) with 
12 valence electrons can be eliminated as can choice (D) with 14 valence electrons. The lowest energy Lewis 
structures for second row element atoms such as carbon and oxygen will have octets. This eliminates choice (B) 
where the oxygen atom has 10 valence electrons. Choice (A) is the correct answer. Both oxygen and carbon atoms 
have 8 valence electrons. 


H 
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ST-2. In which of these Lewis structures would the iodine be assigned a formal charge of +2? 


Knowledge Required: (1) Rules for drawing Lewis Structures. (2) The number of valence electrons for carbon, 
oxygen, and iodine atoms. (3) Rules for determining formal charge. 


Thinking it Through: The formal charge on an atom is the difference between the number of electrons 
assigned to an atom and the number of valence electrons on the neutral atom. The assignment of electrons to an 
atom is all the nonbonded electrons plus one half of the bonding electrons. In choice (A) the iodine would be 
assigned 6 electrons (2 electrons from 1/2 of the 4 bonding electrons, plus 4 nonbonding electrons). A neutral 
iodine would have 7 valence electrons, so the formal charge in choice (A) would be +1. The same argument would 
be used for choice (C). In choice (D) 7 electrons would be assigned to the iodine (3 electrons from 1/2 of the 6 
bonding electrons, plus 4 nonbonded electrons). A neutral iodine should have 7 valence electrons, so the charge on 
the iodine in choice (D) would be 0. Choice (B) must be correct. There would be 5 electrons assigned to iodine (3 
electrons form 1/2 of the 6 bonding electrons, plus 2 nonbonding electrons). Since a neutral iodine would have 7 
valence electrons, the formal charge must be +2 (7 - 5). 


ST-3. What are the respective hybridizations of the atoms numbered 1 to 4 in this compound? 
H :0 


\ и. 
:N-CH2-C-ÑH-CH,-C=N: 
H 


Knowledge Required: (1) The definition of hybridization as a combination of atomic orbitals. (2) The 
connection between hybridization and the number of attached groups. (3) The fact that nitrogen atoms havè a 
nonbonded pair of electrons that must exist in a hybrid orbital. 


Thinking it Through: Atom (1) is a nitrogen atom that has three bonds and a nonbonded electron pair. It must 
have four orbitals and must be sp*-hybridized. This eliminates choices (A) and (В). Atom (2) is a carbonyl group 
that must have three bonds to other atoms. The carbon atom must be sp”-hybridized. Both choices (C) and (D) 
have atom (2) as sp? so this does not help. Atom (3) is a carbon atom with four bonds and must be sp?-hybridized. 
This eliminates choice (C). The answer must be (D). As a check, atom (4) is a carbon atom only bonded to two 
other atoms and must be sp-hybridized which is what is indicated in choice (D). 
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ST-4. What hybrid orbitals are used to form the sigma bond between CH3 
C-1 and C-2, respectively, in the structure shown? i сав 


Pb 2 


(A) sp’ and sp (B) sp’ and sp (С)  spandsp? (D)  sp'and sp” 
Knowledge Required: (1) The definition of hybridization as a combination of atomic orbitals. (2) The 
connection between hybridization and the number of attached groups. 


Thinking it Through: Atom (1) is bonded to three other atoms. One of the bonds is a double bond which 
must be made up of a сапа a л bond. C-1 must be sp?^-hybridized. This eliminates choices (A) and (С). С-2 is 
bonded to two other atoms. The bond to the nitrogen atom is a triple bond, which means that the bond must have 
one с bond and two л bonds. С-2 must be sp-hybridized. Choice (B) must be the correct answer. 


ST-5. Which structures have exactly six 7 
electrons? 


(B) I, IT, IH 


Knowledge Required: (1) That nonbonded electron pairs and empty p orbitals may be parts of m systems only 
when they are parallel to the orbitals of the 7t system. (2) That only one electron pair on a given atom may reside 
in an orbital that is parallel to a 7t system. 


Thinking it Through: In I, the p orbital holding the electron pair is parallel to, and part of the 7t system. 
Thus, I has 8 л electrons; choices (A) and (B) can be eliminated. In П, the electron pairs on both nitrogen atoms 
are in sp? orbitals, which are perpendicular to; and not part of, the л system. In Ш, one electron pair on the 
oxygen atom is in a p orbital and the other one is in an sp? orbital. Therefore, only one pair is part of the л 
system and Ш has 6 л electrons. Since both П and III have 6 л electrons, (C) is the correct answer. 


ST-6. Which carbocation is the most stable? 


т = о = 


Knowledge Required: (1) That 3° carbocations аге more stable than 2°, which аге more stable than 1°, waich 
are more stable than vinyl carbocations. (2) The influence of resonance on stabilizing carbocations. 


Thinking it Through: Choice (D) is a vinyl carbocation and would be less stable than the other three. 
Choices (B) and (C) are allylic carbocations and should be more stable than the 3° carbocation in (A). The two 
resonance forms for (C) place the positive charge on 2° carbon atoms, whereas those for (B) place the positive 
charge on a 2° or a 3° carbon atom. Structure (B) should be the most stable. 


CH3 CH3 CH3 CH3 
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ST-7. Which structure is equivalent to the condensed formula (CH;),CH(CH,),Br? 


(A) CH; (B) Br, Ci 


| 
CH4:C- CH;CH;CH;4 Cx „СН? 
Br СНзСН> CH; 


(C) СН:- CH- CH;CH;CH;Br 


Knowledge Required: (1) That carbon atoms form four bonds and hydrogen and bromine atoms each form 
single bonds. (2) That numerical subscripts indicate the number of atoms or groups of atoms considered. (3) That 
condensed formulas are read from left to right, with each atom being bonded to the atom to the right until all the 
bonds are filled. 


Thinking it Through: The condensed formula has parentheses around the СН; and а subscript of 2. This 
means that the CH to the right must have two CH,’s attached to it. This eliminates choices (B) and (D). The CH 
has one more bond and the next atom to the right is the (CH,), which represents a string of three CH, groups; 
CH,CH,CH, . The first of the CH,’s is attached to the CH that has the two CH,’s attached and the last CH, of the 
string is attached to the next atom to the right that is the Br. This makes choice (C) correct and eliminates choice 
(A) since the Br is attached to the wrong carbon atom. 


What factor is responsible for a greater heat of combustion per CH, for cyclopropane than the heat of 
combustion per CH, for cyclohexane? 


(A) Cyclohexane has a different hydrogen-to-carbon atom ratio than cyclopropane. 
(B) Cyclohexane is a strained ring relative to cyclopropane. 

Cyclopropane is a strained ring relative to cyclohexane. 

Cyclohexane has more carbon atoms than cyclopropane. 


военное вов osa ess a so опоре shes неко aL On зов во asa seno ве H9 OR a sese s hao sas оф ввоз eese ani 


Knowledge Required: (1) That the unstrained bond angle for a carbon atom is 109.5°. (2) That the heat of 
combustion is the energy released when a hydrocarbon is converted into CO, and Н.О. (3) That cyclopropane is 
planar, with bond angles of 60°; and that cyclohexane is non-planar with bond angles very close to 109.5°. 


Thinking it Through: The formula of cyclopropane is C,H, and the formula of cyclohexane is С,Н,,. In each 
molecule the C to H ratio is 1 to 2. Choice (A) can be eliminated. The question says that cyclopropane has a 
greater heat of combustion per CH,, which means that the heat of combustions has been normalized for the 
number of CH, groups. This eliminates choice (D). For more energy to be given off per CH, there must be more 
strain in the molecule. Cyclopropane has C-C-C bond angles of 60°, each of which is far from the unstrained 
bond angle of 109.5°. Cyclohexane has bond angles close to 109.5? so it would be unstrained. This would indicate 
that choice (C) is correct and choice (D) is incorrect. 
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The heat of combustion of neopentane is 3250 kJ/mol; that of pentane is 3269 kJ/mol. Which 
statement best describes the relative stability of these two compounds? 


(A) Pentane and neopentane are isomers and therefore exhibit the same stability. 
(B) Pentane is more stable than neopentane by 19 kJ/mol. 
(C) Neopentane is more stable than pentane by 19 kJ/mol. 


(D) Neopentane and pentane are not isomers so no statement can be made regarding relative 
stability. 


К еее неее ион ESOS оон вв SES EES: 


Knowledge Required: 1) That the term “пео” would indicate ап isomer of pentane, so that neopentane and 
pentane have the same formula. (2) That heats of combustion represent the energy released when a molecule is 
burned to CO, and H,O. (3) That the isomer that releases the most energy is the least stable. 


Thinking it Through: Neopentane and pentane are isomers so choice (D) must be false. Both compounds 
would burn to 5 CO, and 6 H,O molecules. There is a difference in the energy given off so there must be a 
difference in stability so choice (A) cannot be true. The heat of combustion is negative meaning that energy is 
given off or that the alkanes are less stable than 5 CO, and 6 H,O molecules. The molecule that gives off the most 
energy, pentane, is the least stable. Choice (B) can be eliminated. Choice (C) is correct. 


ST-10. Which represents a pair of resonance structures? 


(A) ‘NH "МН 
CH3- c- СНз and CH3- C= CH3 


H H H H 
=н H 
zi ane ив: 

H H H H 


ы шу 2 


Knowledge Required: (1) That resonance structures differ only in the way р and 7 electrons are illustrated as 
being distributed among atoms. (2) That the positions of atoms (nuclei) do not change relative to each other. 


Thinking it Through: In (A) one of the hydrogen atoms on the methyl group moves from the carbon atom to 
the nitrogen atom. This change involves two o bonds. In other words, the nuclei have moved, and this is not 
allowed in resonance structures. Choice (A) is eliminated. Choice (D) can be eliminated for the same reason. The 
hydrogen atom is с bonded to one oxygen atom in one structure and to a different oxygen atom in the other 
structure. Choice (C) looks good for a moment but the hybridization of the terminal carbon atoms is changing 
from sp? to sp?, which means that bond angles are changing and atoms must be moving. Choice (C) cannot be 
correct. In choice (B), only the л electrons are repositioned when moving the charge from one oxygen atom to the 
other. Thus, choice (B) must be Correct. For choice (B), there is a third resonance structure not shown that places 
the negative charge on the central carbon atom. 
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ST-11. Onto which of the numbered atoms in this structure can the 
negative charge be moved by resonance delocalization? 


1, 3, 5, 8 only (C) 1, 3, 5 only (0) 2, 4, 6, 7 only 


Knowledge Required: (1) That resonance structures differ only in the way p and 7 electrons are illustrated as 
being distributed among atoms. (2) That the positions of atoms (nuclei) do not change relative to each other. 


Thinking it Through: Resonance Structure I puts the negative change on atom 2 thus eliminating choice (B) 
and (C). Resonance Structures II and Ш put the negative charge on atoms 4 and 6, which is true for choices (A) 
and (D) so this does not help. Resonance Structure IV puts the negative charge on atom 7. Choice (D) must be 
the correct answer. It is not possible to write a reasonable resonance structure that puts the negative charge on 


Tar 


8 
О: :О: 
4 
fog 
7 2 = 
1 Р т 
CH; 


Resonance Structure I Resonance Structure II Resonance Structure ПТ Resonance Structure IV 


Which of these four resonance structures contributes the most to the :О: 
к : 2 i: n 
overall picturé of this molecule? HjN-CH-CH-C-H 


(A) a (B) ‘oF 
+ 1 T 1 
H,N=CH-CH=C—H H3N-CH-CH-C-H 


= a , Ф) (n 
HjN:CH-CH-C-H HN-CH-CH-C-H 
+ 


Knowledge Required: (1) That resonance structures differ only in the way р and 7 electrons are illustrated as 
being distributed among atoms. (2) That the positions of atoms (nuclei) do not change relative to each other. 

(3) That all first row elements have octets in low energy contributing structures. (4) That positive charge is most 
stable on the least electronegative element and negative change is most stable on the most electronegative element. 


Thinking it Through: In structure (B), the carbon atom with the positive charge does not have an octet. This 
is also true for the carbon atom with the positive charge in choice (D). These two choices can be eliminated. The 
structures in choices (A) and (C) all have octets; however, in choice (C) the negative charge is on a carbon atom 
rather than on the oxygen atom as in choice (A). Choice (A) would be the more stable contributor and would 
таке a greater contribution to the overall structure. 
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Assuming that all are planar, which structure would be considered aromatic? 
(A) (B) 


Knowledge Required:. That to be aromatic a system must be a cyclic, planar, conjugated system with 4n+2 п 
electrons, where п is an integer (Huckel’s Rule). 


Thinking it Through: АП systems are planar (assumed), cyclic and conjugated systems. All could potentially 


be aromatic. Thus, all we need to determine is whether or not each one contains 4n+2 п electrons. Structure (A) 
has 8 л electrons, (В) has 16 п electrons, (C) has 12 л electrons and (D) has 18 л electrons. Thus, only (D) 
obeys Huckel's 4n+2 rule and is aromatic. 


ST-14. Which structures would be 
classified as aromatic? 


(А) LIHI (B) П and IE only (С) Тапа Иошу (D) Тапа Ш only 


ТЕЕ 


Knowledge Required: That to be aromatic а system must be a cyclic, planar, conjugated system with 4n+2 л 
electrons, where n is an integer (Huckel’s Rule). 


Thinking it Through: АП three systems could be planar and all are cyclic, conjugated systems. The p orbital 
with the electron pair in I and the empty р orbitals in Ш complete the conjugation of the respective л systems. 
All we need to determine is whether or not I, П and III contain 4n+2 т electrons. Both I and III have бл 
electrons and II has 14 7 electrons. These all fit the 4n+2 rule where n = 1 or 3, and all three are aromatic. Thus, 
choice (A) is correct 


Practice Questions 


1. Identify the lowest-energy Lewis structure for 2. Which value is closest to the internal C-C-C 
nitrogen oxide. (Formal charges not shown.) bond angle in cyclohexane? 
(A) :N=N-O: (B) :N=N=0: (A) 90° (B) 100° 
а á (C) 110° (D) 120* 
(C) :N=N-O: (D) :М-М№=0: 
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3. Which is an acceptable Lewis structure for 
diazomethane? 


. In which of these Lewis structures would the 
sulfur be assigned a formal charge of +1? 


(A) :0: (В) :б: 
сн,-5-6: сн,-$—6: 


(С) :0: (D) CH;-$-CI: 
CH3-S—Cl: 
:Q: 
. Which formula is equivalent to the condensed 
formula (CH4),C(CH;),CH;? 


(A) 


CH; 


(C) 
Po 
CH;CH;CH;—C[ 


CH; 

CH 
CH; 

——- — 
бн, 


(D) 


. What is the hybridization of 
the orbital containing the 
unshared pair of electrons on 
the nitrogen atom in 
pyridine? 

(A) s 
(C) sp’ 


(B) sp 
(D) зр? 
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7. What are the 
hybridizations 
of the atoms 
marked I, II, 
Ш, and IV in 
the molecule? 
(A) 1= 5р? 
(B) I=sp’ 
(C) Is sp? 


(D) I2 sp 


IV = sp? 
IV = sp? 
IV = sp? 
IV = sp? 


П=5р? Ш=5р 
II-sp? Ш = sp? 
Ш = sp? 
Ш = sp 


II = sp? 

II = sp? 

. The heat of combustion (per СН,) of several 
cycloalkanes is listed below. Based on the data 


given, which of these cycloalkanes would be 
considered most stable? 


Heat of combustion Cycloalkane 
(kJ/CH,) 


сусіоослапе 


(А) cyclobutane 
(C) cyclooctane 


(B) cyclopentane 
(D) cyclopentadecane 


. For which free radical can the most resonance 
forms be written that show the delocalization of 
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10. Onto which of the 
numbered atoms in the 
following structure can 
the negative charge be 
moved by drawing 
resonance structures? 


(B) 2, 4, 6 only 
(D) 1,3,5,7 


(A) 1,3, 5 only 
(C) 2, 4, 6, 8 


11. Which pair consists of resonance structures? 

(A) СНз CH3 
(B) CH3 Н CH; CH3 

\ \ / 

С=с С=с 

CH; 4H H 
+ 
e СН» | 
„ОН НО. 

(D) N: 


12. Which of these structures have eight 7 
electrons? 


(A) Топу 
(C) HI only 


(B) П only 
(D) I,II, and III 
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13. Which resonance structure 
contributes the most to 


the overall picture of this 
molecule? 

A) e Ux В) . + .- 
"e" :0- CZN- CH; не 9=С-М-СН: 
= + + ae 
(РИ :Q- C8 N-CH; un :Os C-N- СН; 


14. Which of these structures can be classified as 
aromatic? 


(A) L II and III 
(C) Iand III only 


(B) Папа Ш only 
(D) II only 


15. Which structure is not aromatic? 


(А) CH (B) CH; 
B N 
И 7 

(с) д Ф) 4 


16. Which carbocation is the most stable? 


+ 
(A) CHCH; 
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Answers to Study Questions 


1.А 6. В 
2. В 7. С 
3.0 8.С 
4. В 9.С 
$. С 10.B 


Answers to Practice Questions 


1.C 7.B 
2.C 8.D 
3.B 9.D 
4.B 10.C 
5.D 11.A 
6.C 12.A 


Acids and Bases 


One of the fundamental concepts used in understanding organic reactions is the acidic or basic properties of a 
molecule. It is important to be able to make predictions concerning the relative acidity of hydrogen atoms in a 
single molecule or the relative acidities of several molecules. Similar arguments must be made concerning the basic 
nature of molecules. The thermodynamic acidity of a molecule is related to the free energy change (AG?) for the 
reaction of the compound releasing the proton. Factors that stabilize the products relative to the reactants produce a 
more negative (less positive) value for АС”, increasing acidity. Factors that stabilize the reactants relative to the 
products produce a more positive (less negative) value for AG°, decreasing acidity. For two acids HA and HB the 
acid reactions (equations /, and 2) are: 

НА + H,O = Н,0* + A7 (1) 
НВ + H,O = H,0* + B^ (2) 

For each reaction, acidity is related to the free energy change for that reaction, as illustrated for HA т 

equation 3: 


(3) 


The two largest factors influencing stability of a species are resonance and induction (electronegativity). When 
comparing relative acid strength for HA and HB, always write both reactions showing the compounds (or ions) 
losing a proton. Then, compare the resonance effect and the inductive effect for each reactant and product. The 
stronger acid is defined by the reaction in which products are stabilized to the greatest extent relative to the reactants, 
producing the more negative value for AG”. 


Study Questions 


AB-1. Which species would best act as a Lewis acid? 


(A) BF, 


= I 


Knowledge Required: (1) Lewis acid-base definition. (2) Rules for drawing Lewis structures. 


Thinking it Through: The Lewis structure of BF, in choice (A) must show 32 electrons around the atoms, 
with boron being the central atom. The Lewis structure indicates that every atom has a full octet, and therefore 
there are no low-energy orbitals available to accept an electron pair. Choice (A) is therefore eliminated from 
consideration. Choice (D) cannot be correct for the same reason; carbon and fluorine atoms each have full octets of 
electrons. In choice (C), the carbon atom has one unpaired electron. The only possible Lewis structure shows 
seven valence electrons surrounding the carbon atom. Despite the fact that the species is electron deficient, it 
cannot accept a pair of electrons because the carbon atom cannot accommodate nine valence electrons. Choice (B) 
must be correct, but the reason may not be immediately obvious. The oxygen 
atom and every carbon atom have an octet of electrons in the Lewis structure as it :0: 
is normally written. However, if we consider а resonance structure for choice (В) > 
where the л electrons are localized on the oxygen atom, then the carbon atom CH, ^ "CH, CH $ ~CH; 
only has 6 valence electrons and a positive charge. This carbon atom can then 
accept an electron pair, and behave as a Lewis acid. 

The carbonyl carbon atom is electrophilic (Lewis Acid) and the carbonyl 
oxygen atom is nucleophilic. Note that carbonyl carbon atoms are made more 
electrophilic (stronger Lewis acids) if the carbonyl oxygen atom is first СН; 
protonated. 
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Acids and Bases 
АВ-2. Which structure helps explain why anilinium ion is a stronger acid than is ammonium ion? 
NH;* 


anilinium ion ammonium ion 


Knowledge Required: (1) How to write the hydrolysis reaction of the conjugate acids of nitrogen bases. 
(2) Rules for drawing Lewis structures. (3) How resonance stabilizes an acid or its conjugate base. 


Thinking it Through: First write the equations for the two species as acids. 


NH,* NH, 
e + H;O -©) + HO* 


NH,* + H,0 = :NH, T H40* 


For the ammonium ion reaction, the charge on the NH,* cannot be delocalized. Neither can the electron pair on 
ammonia. In this equilibrium, the positive charge is best represented as localized on the less electronegative 
nitrogen atom. 

For the anilinium ion, the charge is localized on the nitrogen atom. Reasonable resonance structures cannot 
delocalize the positive charge into the aromatic ring as implied by structure (A) because the nitrogen atom cannot 
have 5 bonds. This eliminates choice (A) from consideration. 

Choice (C) appears to show delocalization of a negative charge into the aromatic ring, but again, the nitrogen 
atom is represented with 5 bonds. Choice (C) cannot be correct. The resonance structure represented by choice (D) 
indicates that the electron pair on the nitrogen atom in the conjugate base is delocalized into the ring, which would 
stabilize the products of the reaction. The problem with choice (D) is that the nitrogen atom is represented with 4 
bonds, and therefore should have a positive charge. Choice (D) is thus eliminated from consideration. 

Only choice (B) remains for consideration. This resonance structure satisfies the octet rule, and shows how 
aniline, the conjugate base of the anilinium ion, is resonance stabilized. A comparable resonance structure does not 
exist for anilinium ion, leading to the conclusion that anilinium ion will be a stronger acid than otherwise 


predicted. 
(NH NH, 


Acids and Bases 


If an amino acid is dissolved in water and the pH of the solution is adjusted to 12, which is the 
predominate species present? 


(D) 


К с т EM 


Knowledge Required: (1) The approximate pK, values of carboxylic acids and of ammonium ion. ун Ном 
relative species concentrations are determined by values for pH and pK,. 


Thinking it Through: Choices (A) and (B) cannot be correct, because at a pH of 12 the acid would be 
deprotonated. (The pK, values for carboxylic acids are about 5.) Choices (B) and (C) can be eliminated from 
consideration because hydroxide (HO) is a stronger base than NH; (pK, of NH,* is about 9), and hydroxide ion 
would deprotonate the RNH;* groups. Choice (D) must be the correct answer, because both the -COOH and -NH;* 
groups are both deprotonated. 


АВ-4. What is the order of acid strength from strongest acid to weakest acid? 


О 
n n T T 

CH;COH CF,CH,COH CF,COH ССЬСОН 

I п ш IV 


(B) 
(D) 


I»H»IV»IlIl 
HI »5IV»II»I 


ШИМ >1 
У>ШЬИ>1 


enl 


Knowledge Required: (1) Factors that stabilize the carboxylate ion relative to the carboxylic acid. (2) How the 
inductive effect of atoms that are more electronegativity than hydrogen atoms affect acid strength. (3) Effect of 
intervening bonds on the magnitude of the inductive effect. 


Thinking it Through: Write the ionization reaction for each acid. Factors that stabilize the carboxylate ion 
relative to the carboxylic acid will increase the ionization (acid strength). 


0 D 
СН;СОН == CH;CO™ + H* 


Chlorine and fluorine atoms are more electronegative than hydrogen atoms, and stabilize the carboxylate ions 
relative to the carboxylic acid. Both trichloroacetic acid (IV) and trifluoroacetic acid (Ш) should be more acidic 
than acetic acid (I). Choice (A) is thus eliminated from consideration. Fluorine atoms (EN = 4) are more 
electronegative than chlorine atoms (EN = 3.2), so trifluoroacetic acid (III) should be a stronger acid than 
trichloroacetic acid (IV), eliminating choice (D). The inductive effect decreases quickly with distance, leading to 
the conclusion that 3,3,3-trifluoropropanoic acid (II) should be less acidic than trichloroacetic acid (IV), which 
eliminates choice (B). Choice (C) has the four acids arranged from strongest to weakest, and is the correct answer. 


Acids and Bases 


АВ-5. Identify the weakest acid. 
COOH 


(A) 


Knowledge Required: (1) How to write the chemical reaction of a carboxylic acid with a base. (2) Factors that 
produce resonance stabilization of the carboxylate ion relative to the unionized carboxylic acid. (3) How the 
inductive effect influences acid strength. 


Thinking it Through: All of these are substituted benzoic acids except for (A), which will serve as the 
reference compound. The first task is to separate the other choices based on whether they withdraw electron density 
from the ring or release electron density to the ring. The nitro group is very electronegative, and withdraws electron 
density from the aromatic ring. Also, resonance forms such as I stabilize the carboxylate ion. These factors 
contribute to choice (B) being a stronger acid than benzoic acid. Choice (B) is thus eliminated from consideration. 
Chlorine atoms are more electronegative than hydrogen atoms, so electron density in the aromatic ring is expected 
to be less in choice (D) than in choice (A) leaving choice (D) as slightly more acidic than choice (A). Therefore, 
choice (D) is eliminated from consideration. Methoxy groups, on the other hand, donate electron density fo the 
aromatic ring by resonance, as shown in II, which destablilizes the carboxylate ion relative to the unionized 
carboxylic acid. Choice (C) is thus a weaker acid than choice (A), eliminating choice (A) from consideration and 
leaving choice (C) as the weakest acid. 


COO" COO 


Acids and Bases 


(C) МН, (D) NH; 
NO; Cl 


сс СС terres 


AB-6. Which is the strongest base? 
(A) МН, 


: OCH; 


Knowledge Required: (1) How to write the chemical reaction of an acid with an organic base. (2) Factors that 
produce resonance stabilization of the anilinium ions relative to their conjugate aniline bases. (3) How the 
inductive effect influences base strength. (4) Relative tendencies of second and third period elements to form 
multiple bonds. 


Thinking it Through: Write the reaction for a substituted aniline (I) acting as a base. 
NH, NH;* 


+Ht = 


I п 


In aniline (X = Н), the electron pair on the nitrogen atom forms II when it is protonated. In I, the electron 
pair on a nitrogen atom can be delocalized into the ring by resonance structures such as III. This resonance 
delocalization stabilizes I. Once the electron pair is protonated, as shown in II, there is no resonance stabilization. 


Consequently, aniline is a weak base. Our concern now is what effect the substituents, X, will have on the 
stability of I and II. Electron withdrawing groups such as NO; would stabilize I more than II both through 
induction and through resonance stabilization, as shown in IV. Consequently, nitroaniline, choice (C), is much 
less basic than aniline, choice (A). The chloro and methoxy anilines pose a very interesting situation. Both 
chlorine and oxygen atoms are more electronegative than hydrogen atoms. Both would stabilize I more than II if 
induction were the only factor. However, both chlorine and oxygen atoms can donate electron density to the ring 
through resonance forms such as V and VI, which would make the substituted aniline more basic. Based on these 
two resonance forms, methoxyaniline and chloroaniline should be stronger bases than aniline. We have a dilemma. 
Considering induction, choices (B) and (D) should both be weaker bases than aniline, and considering resonance, 
they both should be stronger bases than aniline. However, there is an important difference between structures V 
and VI. Oxygen and carbon are both in the second period, and their atoms are about the same size. Chlorine is in 
the third period, and its atoms are much larger. Third period elements are much less prone to form double bonds 
than second period elements. V is a very important resonance structure that releases electron density to the ring. 
Induction is a minor contributor to withdrawing electron density. Structure VI, on the other hand, is a minor 
resonance contributor, because chlorine is forced to form a double bond. Induction, by default, is the major factor. 
Methoxyaniline is a stronger base than aniline, and chloroaniline is slightly weaker. Choice (B) is the correct 
answer. 


* = 
МН, NH, NH, NH; 


Acids and Bases 


What is the order of acidity of the indicated 
hydrogen atoms in this molecule? Rank from 
most acidic to least acidic. 


Knowledge Required: (1) Percent s and p character in hybrid orbitals. (2) How hybridization affects — of 
C-H bonds. (3) How percentage of s character in an orbital affects stability of an anion. 


Thinking it Through: When a С-Н bond acts as an acid, the resulting negative charge N 
resides on the carbon atom. The strength of the acid depends on the stability of the CH =C +H* 
resultant carbanion. / / 

Since s orbitals are lower in energy than p orbitals, the stability of a lone pair increases with increasing s 
character of its orbital. Consequently, the acid strength of a С-Н bond increases as the 5 character of the bond 
hybrid orbital increases. 

For hydrogen atom a, the bond is to a sp” hybrid orbital on a carbon atom. Upon ionization, the resulting 
electron pair would be in the sp? hybrid orbital, which is 1/3 s and 2/3 p. For hydrogen atom b, the resulting 
electron pair would be in an sp? hybrid orbital, which is 1/4 s and 3/4 p. For hydrogen atom c, the resulting 
electron pair would be in an sp hybrid orbital, which is 1/2 s and 1/2 p. The percentage of s character for the 
orbitals containing electron pairs is c > a > b, and this is the order of acidity of the hydrogen atoms. Choice (C) 
is correct. 


AB-8. Which of the indicated hydrogen atoms is 
most acidic? 


(A) a 


с 


Knowledge Required: (1) Percent s апа p character in hybrid orbitals. (2) How hybridization affects acidity of 
С-Н bonds. (3) How resonance structures affect stability of an anion. 


Thinking it Through: The acidity of the С-Н bond will depend on the stability of the resulting anions 
following loss of the proton. The four ions I through IV must be evaluated to determine their relative stability. 
о о о о 


П T - T n 
{_У—сиснбснси, {_Уу—ёнснбснссн, 
A II 

nef non 
С \-cucu.céutcn, С \-cucu.concén, 

IV 


In anion I, the negative charge is in an sp? hybridized orbital, which is 1/3 s and 2/3 p. For anion II, the 
negative charge is in an sp? hybridized orbital, which is 1/4 s and 3/4 p. Based on percentage s in the hybrid, I is 
expected to be more stable than II. However, we must also consider resonance. In I, the negative charge is 
localized on the ring carbon atom, and cannot be delocalized. In П, the charge can be delocalized into the aromatic 
ring by resonance. Consequently, hydrogen atom b should be more acidic than hydrogen atom a, eliminating 
choice (A). The anions III and IV also have negative charges in sp? hybrid orbitals that are similar to II. 
However, both of these ions have resonance forms that place the negative charge on an oxygen atom. Resonance 
forms with the negative charge on an oxygen atom stabilize ions more than delocalization of a negative charge 
onto an aromatic ring. Structure V is the resonance structure associated with IV. VI and VII are corresponding 
structures associated with III. Choice (B) is eliminated because hydrogen atom b, having no resonance structure 
with a negative oxygen atom, must be less acidic than either hydrogen atom c or d. 
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Qe CH, 
o 
С-ы CH- - — ( N-cucud- CH- CCH, 
VI Vil 


The anion resulting from the loss of hydrogen atom c is more resonance stabilized than the anion resulting 
from the loss of hydrogen atom d, because III has two resonance forms (VI and VII) that place the negative 
charge on different oxygen atoms. Consequently, choice (D) is eliminated, leaving choice (C) as the correct 
answer. 


Note: pK, = 43 for hydrogen a; pK, = 41 for hydrogen b; pK, = 10 for hydrogen c; pK, = 20 for hydrogen d. 


AB-9. Arrange these compounds in order from strongest to weakest base. 


(A) I»II» III (B) Ш>1>И 
(С) II » HI »1 (D) HI >II >I 


сс 


Knowledge Required: (1) The ability to write the chemical reaction between a base and an acid. (1) How 
resonance stabilizes a base or its conjugate acid. 


Thinking it Through: To evaluate the base strength of compounds I-III, one needs to write the reactions for 
protonation and then evaluate the relative stability of the reactants and products. We will initially consider the 
aliphatic amine, Ш. The electron pair on the nitrogen atom is localized, and cannot be delocalized by resonance. In 
the protonated form, Ша, the charge is on the nitrogen atom and it also cannot be delocalized. Aliphatic amines 
have base strengths comparable to ammonia, and we will use it as the reference compound. 


.. + 
м) + Н? == ом— ў—йїв, 
I Та 
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For compounds I and II, the electron pair on the nitrogen atom is protonated to form Ia and Па, much as 
Ша is formed from Ш. The protonated forms of all three compounds are similar in that the charge is localized on 
the nitrogen atom and cannot be delocalized. The difference comes in a comparison of I and II with the aliphatic 
amine, Ш. In Ш the electron pair cannot be delocalized, whereas in I and II, delocalization of the electron pair 
into the aromatic ring stabilizes the base form. Resonance stabilization suggests that Ш should be more basic 
than either I or II, eliminating choices (A) and (C). Now considering the relative stabilities of I and II, note that I 
has-two resonance structures (IV and V), while I has only one resonance structure (VI). Consequently, 
p-nitroaniline, I, should be a weaker base than p-methylaniline, II, and the correct answer must be choice (D). 


о, № : | 
N NH, NN NH; CH; NH; 
о [on 


AB-10. Which is the correct order of decreasing acid strength for these species? (most acidic — least acidic) 


(A) I» П> IV» Ш (B) H»5I»III5IV 
(C) Ш>] у> >1 (D) IV>IIl>I>II 


lp = С КС СЕСЕ 


Knowledge Required: (1) How to write the ionization reaction of an acid. (2) How inductive effects in an acid 
and its conjugate base affects acid strength. (3) How hybridization affects the base strength of an electron pair. 


Thinking it Through: Write the equation for each compound behaving as an acid. 
Ө: + Ht ] | + Ht 


C 
C. -Ç~ 
CH,” “сн, СНУ d CH, 


v 
| СӨ, CCS A Cals 
ТУ ГУа 


CCh^ 
H 


Comparison of I and II with III and IV reveals that the first two have the positive charge on the oxygen 
atoms and the second two have the positive charges on the nitrogen atoms. Oxygen atoms are more electronegative 
than nitrogen atoms, so III and IV would be more stable (less acidic) than either I or II. Choices (C) and (D) are 
eliminated. Structures III and IV are similar except that two trichloromethyl groups in IV replace methyl groups ~ 
in III. Chlorine atoms are electron withdrawing relative to hydrogen atoms, so IVa should be more stable than 
IIIa, making IV a stronger acid than III. Choice (A) is the only possible correct answer. Note that the answer 
could also have been reached by showing that I must be a stronger acid than II. The electron pair on the carbonyl 
oxygen atom in Ia is in an sp? hybrid orbital that is 1/3 s character. In IIa the electron pair is an sp? hybrid orbital 
that is 1/4 s character. The more s character the more stable the electron pair, and thus the less basic. 


(pK, values: protonated ketones ~ —7, protonated alcohols ~ —2, protonated amines ~ 10. The protonated 
hexachloroisopropylamine would be less than 10 but greater than —2) 


Acids and Bases 


What is the order of acidity from weakest to strongest acid for these compounds? 


2 Өн OH CH;OH 
CF,CH;OH o Q 
I H ш IV 


(A) I « IV « III« II (B) IH « IV «I «IH 
(C) IV «I «III «II (D) II « HI «I «IV 


Knowledge Required: (1) How to write the ionization reaction of an acid. (2) How acid strength depends on 
resonance stabilization and inductive effects for both the acid and its conjugate base. 


Thinking it Through: Write the ionization reaction for each compound behaving as an acid. 
Өм „ӨН OO 


+ Н? 


СЕ.СН.ОН == CF,;CH,0- + Ht 
I Та II Ila 


OH Oo 
TO= 
ш 


CH;OH CH;O^ 


Ша 
In all four anions (Ia, Па, Ша, and IVa) the negative charge is on the oxygen atom. Ia and IVa each have а 
-CH;- group attached to the negative oxygen atom, so no resonance stabilization of these ions is possible. In Па, 
the negative charge can be delocalized by resonance to the second oxygen atom as shown in IIb. II must be the 
more acidic than I or IV, which eliminates choice (D). 


Ila IIb 


The anion Ша can also delocalize electron density, but not as effectively as Па, because aromaticity of the 
ring is lost in the resonance structures. IIIb, and Пс show the delocalization onto the ring. Structure Ш should 
be more acidic than either I or ТУ, but less acidic than II. Choice (В) is eliminated. 


Ша ИШ шс 
The difference in acid strength between I and ТУ is explained by the inductive effect of fluorine atoms on the 
stability of the anion. Fluorine atoms are more electronegative than either hydrogen atoms or phenyl groups, so 
replacing the two hydrogen atoms and the phenyl group of IVa with three fluorine atoms (Ia) produces a more 
stable anion. Consequently, I must be more acidic than IV, making choice (C) the correct answer. 


(pK, values: carboxylic acids ~ 5; phenols ~10; trifluoroethanol ~12; other alcohols ~18) 


29 


Acids and Bases 


Practice Questions 
1. Which structure 3. Which carboxylate is the strongest base? 
corresponds to the 
predominant form of this (A) 
? И 
molecule near pH 7? CH,CH,CH,CO- 
(A) 
и (В) 
СН.—СН-С-ОН TN 
NH, * CH;CH;CHCO 
CI 
(B) - an (C) с о 
d „бы CH;CHCH,CO™ 
NH, 
œ ао 
с) 0 CH,CH;C -CO- 
CH;—CH-C-0O- ! 
i Cl 
NH;* 
(D) o 4. Which is the order from the strongest acid to 


the weakest acid for these species? 
CHOH СОН” CH;NH, CH,NH,* 


‘i 1 п ш IV 
2. Which is the strongest base? (A) II>IV> I> ПІ 
(А) CH;NH, (B) HI»1»IV» Hl 
(C) HI » IV» I» Il 
(B) NH, (D) IIl» I»IV» III 
CY 5. Which is the order from most acidic to least 
acidic? 
(C) NH, 
1 H 
EY CH;CH; CH;CH;OCCH;COCH,;CH; 
ON II 
(D) NH, о 
Ex CH,COCH;CH, 
ON NO; IV 


(A) HI 2 IV» II» I 
(B) H» IV» I» III 
(C) Ii» HI» IV» I 
(D) IV» II» HI»I 


6. Which resonance form best explains the greater 
acidity of p-nitrophenol relative to phenol? 


(A) о (В) О 
„N? „№, 
o^ ur 02 ^o 

(C) О (D) OH 

Nt № 
"е" 0 07 


7. Which proton in this 
compound would be 
most acidic? 


N T 
CH,CH,C -H=-D 


(A) A (В) В (C) C (D)D 
8. Which of the indicated protons in this 


compound would have the smallest pK, value? 


-( $—сы-сн=сн-с=с- 
| | 


B С 


H 
| 

р 
р 


(A) А (В) B (C) € (D) 


10. 


. The imidazole ring systern, 
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which contains two nitrogen 
atoms, is found in the amino 
acid histidine. Which 
statement is true regarding the 
basicity of the two ring 
nitrogen atoms? 


(A) Both are strongly basic since the ring is 
aromatic. 


(B) The nitrogen atom labeled (1) is more 
basic than (2). 


(C) The nitrogen atom labeled (2) is more 
basic than (1). 


(D) Neither ofthe nitrogen atoms would be 
considered basic. 


Which choice ranks these compounds from 
strongest to weakest acid? 


1 
it 
CH,CH,CH,COH CH CHCH,SOH 


I п 
о 


T 
CH;CH;,CH,SOH 
ш 


(A) ї>П >Ш 
(C) Ш>Т>И 


(B) И>Ш>1 
(D) III» II » I 
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Answers to Study Questions 


1.B B. © 9. 
2.B 6.B 10.A 
3.D 7. € 11. 
4.C 8: С 
Answers to Practice Questions 

2. С РЕ S: 9. В 
2. А 6. С 10.В 
З.А 7 А 

4.А 8.р 
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Stereoisomerism 


| Appreciating three-dimensional structure is fundamental to understanding organic chemistry. A concept map 
showing the classification of stereoisomer descriptions is shown in the figure. 


Isomers 
Different compounds with 
same molecular formula 


| Stereoisomers 

Isomers that have the same connectivity 
but differ in the arrangement of 

their atoms in space 


Constitutional Isomers 
Isomers that have a different 
atom connectivity 


СН;-СН,-СН›-СН» 
CH;-CH-CH; 
CH; 


Diastereomers | 
Stereoisomers that are not mirror 
reflections of each other 


Enantiomers 
Stereoisomers that are nonsuperimposable 
mirror reflections of each other. 


H н H H CH 


> * 
S T 
Li * 


H 


a Jas СНз 
н н: 


A single enantiomer of a mirror-image pair is said to be optically active because it can rotate plane-polarized 
light. A mixture of two enantiomers in equal concentrations is called a racemic mixture (or a racemate), and is 
optically inactive. The absolute configuration of stereoisomers must be specified in a complete nomenclature. 

The Cahn-Ingold-Prelog rules are used for alkenes and for carbon atoms that are tetrahedral stereocenters (chiral 
centers or stereogenic centers). Groups are assigned priorities according to the atomic number of the atoms closest 
to the stereocenter. For example: 


Br CH4 
a С # aC е 
н 4 К H / F 
CH; в“ / 
R S 
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The same principle of assigning priorities is used to designate configuration about a double bond. 


CI СН; Cl CH; 
\ / \ / 
С=С, с=с 
СНзСН; СН›СН; Вг CH;CH3 
E Z 


Also intriguing is the concept of a meso compound, which is a compound with two (or any even number of) 
stereocenters that is constitutionally symmetrical and contains an internal mirror plane or point of symmetry. 

An important distinction is that between conformations and configurations. Generally, conformations are 
different stereochemical representations of the same molecule that may be interconverted by rotations about single 
bonds, whereas configurations are different stereoisomers that are interconverted by breaking and reforming bonds. 


Study Questions 


SI-1. Which is the most stable conformation for cis- 1-bromo-3-methylcyclohexane? 


Knowledge Required: (1) Nomenclature of organic compounds. (2) Cyclohexane chair conformations. 
(3) Axial versus equatorial positions. 


Thinking it Through: The two substituents in all four structures are in 1,3-positions relative to each other so 
only the three-dimensional geometry needs to be analyzed. The cis- designation specifies that the substituents are 
both on the same side of the ring. Inspection of the choices reveals that only in choices (A) and (B) are the 
methyl and bromine cis to each other. Therefore choices (C) and (D) are eliminated. Substituents in equatorial 
positions are more stable than in axial positions because of the torsional strain of 1,3-diaxial interactions. The 
illustration style of cyclohexane substituents depicts the axial position as vertical lines pointing above or below 
the ring while equatorial substituents are inclined slightly from horizontal. In choice (A) both substituents are 
axial, whereas in choice (B) both substituents are equatorial. Consequently, choice (B) is the correct answer. 


Stereoisomerism 


Which Newman projection represents the most stable СНз 
conformation of 3-methylpentane when viewed down the 2-3 CH;CH,CHCH,CH; 
carbon-carbon bond? 


К с 


Knowledge Required: (1) The meaning and significance of rotational isomers (rotamers) and gauche 
interactions. (2) Use of Newman projections. (3) Practice with molecular models and understanding of essential 
connections. (4) Permitted and forbidden motions. 


Thinking it Through: A Newman projection is a view down a bond joining two carbon atoms and showing 
the spatial relationship of the three substituents on the front carbon atom that radiate from the center of the circle 
to the three substituents on the rear carbon atom, which appear starting at the edge of that circle. Choice (A) 
shows a position of rotation about the 2-3 carbon-carbon bond in which two methyl groups are adjacent to each 
other. This adjacency is referred to as a gauche interaction and it increases the energy of the rotational conformation 
because the groups interfere with each other. Choice (B) has two gauche interactions and is even less stable than 
choice (A). Choice (C) has a single gauche interaction but it is between a methyl group and an ethyl group, 
which constitutes greater interference than the one in choice (A). Choice (D) represents a different compound, 2,3- 
dimethylpentane, so it is eliminated from consideration. Choice (A), having the smallest gauche interaction, is the 
correct answer. 


Which property of the two enantiomers of 1-phenylethanol would you expect to be different in 
principle, even though it may be difficult to measure in practice? 


(A) boiling point 
(B) melting point 
(C) density 


(D) strength of interaction with membrane proteins 


>с — сс 


Knowledge Required: (1) The concept of chirality. (2) Physical properties of enantiomers and diastereomers. 
(3) The dominance of a single enantiomer of biologically important molecules. 


Thinking it Through: Enantiomers are nonsuperimposable mirror images of the same isomer. Enantiomers 
exhibit identical responses to achiral tests (tests that do not distinguish between mirror image forms). For choices 
(A), (B), and (C), you can imagine doing the experiment on either side of a mirror on the mirror images of the 
compound and reasoning that the determination will yield the same measurement for each enantiomer. The 
molecules important in plants and animals (proteins, carbohydrates, hormones and so on) exist in only one 
enantiomeric form. Choice (D) is correct because the interaction of both enantiomers with a single enantiomer of 
a protein yields a pair of diastereomers, which do have different physical properties, such as nonbonding 
interactions. Forming a diastereomer is analogous to putting a right-hand glove on a left hand and another right- 
hand glove on a right hand. The physical difference is immediately noticeable. 
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Stereoisomerism 


What is the correct stereochemical 
description of the relationship between 
this pair of compounds? 


(A) identical (B) constitutional isomers 
(C) enantiomers (D) diastereomers 


Л ООЛО ЛУУ УУУ УЛЛУ Н каваная; 


Knowledge Required: (1) Stereochemical terminology. (2) Three-dimensional geometrical significance of 
enantiomers and diastereomers. (3) Chair conformations of cyclohexane. 


Thinking it Through: Questions of this kind require mentally rotating the molecules in space or around single 
bonds. Cyclohexane structures also may have to be flipped from one chair conformation to another to compare 
their essential 3-dimensional identity for classification in the stereochemical categories (A) through (D). In both 
structures the OH substituents are on adjacent carbon atoms so they are not constitutional isomers. Choice (B) is 


H H 
HO OH 
HO OH 
H H 


eliminated. 


Rotation of the right molecule 180° about a vertical axis reveals that the molecules are nonsuperimposable 
mirror images of each other. Since the structures are neither identical, choice (A), or diastereomers, choice (D), 


those choices are eliminated. Nonsuperimposable mirror images are called enantiomers, which is choice (C), the 
correct answer. 


SI-5. Which of the numbered carbon atoms in this compound are 
stereocenters? 


(А) 12,3 (B) 1,3 only (C) 2only (D) 2,3 only 


Knowledge Required: (1) Concept of chirality. (2) Meaning of stereocenter. 


Thinking it Through: A tetrahedral stereocenter is a stereogenic center comprising an sp? carbon atom bonded 
to four different substituents. С-1 is bonded to two hydrogen atoms and C-3 is sp? hybridized. Consequently, 
neither qualifies as a tetrahedral stereocenter. С-2 is a tetrahedral stereocenter bonded to four different substituents: 
a hydrogen atom, an sp? carbon atom, a one-carbon-atom bridge, and a two-carbon-atom bridge. Thus choice (C) 
indicates the only tetrahedral stereocenter among the three numbered carbon atoms. 


Stereoisomerism 


SI-6. What would be the stereochemical classification of the E HBr 
major product of this reaction? CH3CH=C(CH3)2 —— 


(A) R-enantiomer (В) S-enantiomer (С) 


Knowledge Required: (1) The meaning of the stereochemical descriptors, К, 5, achiral, and racemic. 
(2) The regiochemistry of electrophilic addition of hydrogen halides to alkenes. 


Thinking it Through: HBr will add to the double bond of the alkene according to Markovnikov's rule to give 
the product below. The product has no tetrahedral stereocenter and is not otherwise chiral. 
CH; 
] 
CH3CH;- C-Br 
CH; 
Since the product is achiral, choice (C) is the correct answer. Choices (A) and (B) apply to a single 


enantiomer of a chiral compound. Choice (D) refers to the presence of equimolar quantities of both enantiomers of 
a chiral compound. 


Which statement about these 
Fischer projections is 
correct? 


(A) I and Ш are enantiomers. (B) II and IV are identical. 


(C) II is a meso isomer. (D) I and П are diastereomers. 


Өн ее PEE REN ERE ERE PER нанета наванне EOE FRE H EN REP ERES REFER PATER ERR ER ER E AUR ванае ESE EBEDESEEESESEES EEE ERLES SEES E REPE Inn наин s ha han ntn han hn hh SEEDS ES новини ORE EEE nnn 


Knowledge Required: (1) The stereochemical terms: enantiomer, diastereomer, and meso. (2) The 
stereochemical interpretation of Fischer projections. (3) Allowed manipulations of Fischer projections. 


Thinking it Through: These Fischer projections must be compared to see if they are superimposable 
(identical), nonsuperimposable mirror images (enantiomers), or non-mirror image stereoisomers (diastereomers), or 
if they have an internal mirror plane (meso forms). Fischer projections represent stereoisomers in which the 
vertical bonds point away from the observer and the horizontal bonds point towards the observer. Consequently, 
they may be compared by rotating the structures180? or 360? in the plane of the projection. If projection I is 
rotated 180°, it is seen to be identical to projection Ш. Consequently, choice (A) is eliminated. Projections И and 
IV are nonsuperimposable mirror images, and are enantiomers. Thus, choice (B) is also incorrect. Neither 
projection II nor any of its conformers has an internal mirror plane, and is therefore not a meso form. This 
eliminates choice (C). (Projections I and Ш do have an internal mirror plane and are the same meso form.) This 
leaves choice (D) as the only possible correct answer. Projections I and П are indeed non-mirror-image 
stereoisomers (diastereomers). 
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Stereoisomerism 


SI-8. What are the absolute configurations of these two SH CHBr 


molecules? н—- OCH; 
CHCH, 
I II 


l 
CH;CH7 “С "COH 
CH; 


(A) 800 and SAI) (B) SM) and КП) (C) К(1) and S(II) (D) КО) and К(П) 


Knowledge Required: (1) How to assign absolute (К or S) configurations using the Cahn-Ingold-Prelog 
sequence rules. (2) The stereochemical meaning of Fischer projections. (3) Manipulations of stereochemical 
formulas. 


Thinking it Through: Start with molecule I and assign priorities to the four groups attached to the 
stereocenter using the Cahn-Ingold-Prelog sequence rules. The order in decreasing priority is: -SH, -CO,H, 
—CH,CH,, -CH,. If the molecule does not have the lowest priority group (the СН, in this example) pointing away 
from the observer, the molecule is turned so that it is. This maneuver is difficult for some persons to do mentally 
so another method is often used. In this method, the lowest priority group is exchanged with the group that is 
pointing away. Then, exchange the other pair (see example below). Exchanging the first pair converts the molecule 
into its mirror image (opposite configuration), but exchanging the second pair reverts to the original configuration. 
SH SH CO2H 
сн.сн;УСсо H € CH3" C~ ew CH AC. 
2 4 COH 34 ~SH 
CH3 CH3CH; CH3CH; 

The next step is to see whether a clockwise or counterclockwise motion is required to go from the highest 
priority to the next highest priority group. If clockwise the configuration is R; if counterclockwise the 
configuration is 5. In the right-most structure above, going from the SH to the СО,Н is counterclockwise and the 
configuration of molecule I is 5. Thus choices (C) and (D), which have R-I, may be eliminated. To choose 
between choices (A) and (B), the configuration of molecule II must be determined. Molecule II is shown as a 
Fischer projection. The configuration could be assigned by converting the Fischer projection into a dimensional 
formula and applying the procedure used for molecule I. However it is easier to work with the Fischer projection 
directly. Remember that the vertical bonds point away from the observer and the horizontal bonds point towards 
the observer. Thus one wants the lowest priority group to be on one of the vertical bonds. If not already on a 
vertical bond, exchange it with one that is, and exchange any other two groups to preserve the original 
configuration. On going from -OCH, (highest priority) to -CH;Br (next highest priority), a clockwise motion 
occurs. The resulting configuration is R, and choice (B) is the correct answer. 


Practice Questions 
1. Which molecule has the R configuration? 2. The absolute 
(A) OH (B) CH;OH configuration of the two 
п c carbon atoms in this 
ntt m 
H^5-^cH, H^77*co;H compound are 
H HO 
O (A) R-left carbon atom; R-right carbon atom. 
(C) CH;OH (р) OH (B) S-left carbon atom; S-right carbon atom. 
] 1 
\ С AC. $ i " 
CH; СТОН н У CH (С) S-left carbon atom; R-right carbon atom 
HO;C € (D) R-left carbon atom; S—right carbon atom. 
N 
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3. Which is the 
enantiomer of 
this compound? 


(A) HO 
HOCH? y 
CH3Br H 
(B) H OH 
Hm А 
“CHBr 
СН» CHOH 
(C) CH3 CH,0H 
Hj U^ OH 
H СН,Вг 
(р) СНз OH 
Hj \ CH,OH 
H CH 2Br 


4. Which compound will have three peaks of equal 
height and three valleys of equal depth in a 
diagram of potential energy vs. angle of 
rotation for one complete rotation around the 
C-C bond? 


a аа ® m 
H-C-C-H CI-C-C-Br 

H H H Br 

© се o ma 
H-C-C-H ие 

CI Gl Cl Br 


(A) Тошу 
(C) HI only 


(B) Il only 
(D) I and П only 
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7. The configurations of the 


Stereoisomerism 


6. Which Newman projection represents the most 
stable conformation of (CH;),CHCH(CH,),? 


A CH CH 
а) ndm (В) сн, a 
H CH; HOH 
CH; CH; 
(C) (D) CH; 


СН» 

p^^ м“ 
СН H CH СН 
3 CH; 3 на 3 
two stereocenters (chiral 


centers) in this Fischer 
projection are 


(А) 2R, ЗК 
(C) 2S, 3R 


(B) 2R, 3S 
(D) 25, 35 


8. What is the correct stereochemical description 


of the relationship between this pair of 
molecules? 


identical 


(A) 
(B) 
(C) 
(D) 


constitutional isomers 
enantiomers 


diastereomers 


9. What would be the stereochemical classification 


of the product of this reaction? 


CH,CH-CHCH, НВг. 


(A) R-enantiomer 
(B) S-enantiomer 
(C) meso compound 
(D) racemate 


Stereoisomerism 


10. 


11. 


12. 


Which diastereoisomer is most stable? 


(A) H OH 
en NS H enen 
H 
(B) H H 
Ch A ocn 
H 


(C) CH; H 


нон ссы 


H 
(D СН; OH 


H Н en(cuy; 


H 
CH; 
Ыл 


(В) amixture of diastereomers. 


The product of this 
reaction will be 


(A) achiral but not meso. 


(C) ameso compound. 


(D) aracemate 


What is the correct stereochemical description 
for these two Fischer projections? 


(A) identical 
(B) meso isomers 
(C) diastereomers 


(D) enantiomers 


13; 


14. 


15. 


16. 


17. 


What is the order from most stable to least 
stable for these conformations of propylene 
glycol? 


(B) I» II » III 
(D) IH» HI >l 


(A) Ш>П>1 
(C) I» HI» II 


How many total possible stereoisomers are 
there for 1,2-dimethylcyclopropane? Count 
pairs of enantiomers (if any) as two different 
stereoisomers. 


(A) 3 (B) 4 (C) 5 (D) 6 
What is the stereochemical classification of 
(15,25)-1,2-cyclohexanediol and 


(1R,25)-1,2-cyclohexanediol? 
(A) enantiomers 

(B) diastereomers 

(C) meso compounds 

(D) racemates 


Which statement is true? 


(A) Compounds with R stereocenters rotate 
plane-polarized light clockwise. 


(B) For equal concentrations and equal path 
lengths, solutions of (+) and (-) 
enantiomers rotate plane-polarized light 
equally, but in opposite directions. 


(C) Racemic mixtures can rotate plane- 
polarized light either clockwise or 
counterclockwise. 


(D) Meso compounds can rotate plane- 
polarized light either clockwise or 
counterclockwise. 


How many stereoisomers will be formed from 
the addition of phenyllithium to this molecule? 


(А) 4 (В) 3 (D) 1 


(C) 2 


Stereoisomerism 


18. Which of these tartaric acid isomers will have 22. Which is capable of exhibiting cis-trans 
the same melting point? isomerism? 
(A) (+)-tartaric acid and (—)-tartaric acid only (A) CH;C=CCH; 
(B) (+)-tartaric acid and (-)-tartaric acid and (B) OH 
racemic (+)-tartaric acid only С 
(C) (+)-tartaric acid and (—)-tartaric acid and OH 
meso-tartaric acid only 


CH4);C-CHCI 
(D) meso-tartaric acid and racemic (+)-tartaric (C) (CH3)2 


acid only (D) CH;CH-C-CHCH; 

19. Whatis the stereochemical relationship 23. Which molecules are optically active (chiral)? 
between the salts formed by (+)-tartaric acid H CH; 
with racemic 1-phenylethanamine? но УА сну N~cy CH Se=enq 

(A) enantiomers CH; H а H 
(B) diastereomers l п ш 

(С) meso compounds (A) L H, Ш (В) Папа Ш only 
(D) racemates (C) HI only (D) H only 


24. Which would form a racemic mixture upon 
hydrogenation of the double bond with H,/Pt? 


20. Cyclohexene reacts with bromine to yield 
1,2-dibromocyclohexane. Molecules of the 


product would be (A) СеН5-СН=С- Сн; 

(А) агасепис form and, in their most stable CH; 
conformation, they would have both — presi 
bromine atoms equatorial. в) CUHSSQHCOEOUN, 


(B) aracemic form and, in their most stable (C) CeH;-CH-CH-CH; 


conformation, they would have one (D) Сен; 
bromine atom equatorial and one axial. Cr 


(C) а meso compound and, in its most stable 


conformation, it would have both bromine 25. Which reaction would yield a meso product? 
atoms equatorial. 
(A) H20, Н+ (B) Br . 
(D) ameso compound and, in its most stable [ 1] N CCl, 


conformation, it would have one bromine 


; А (С) НСІ (р) р 
atom equatorial and one axial. [|] ЖЕ ЖЄ [1] X um 
21. What is the relationshi these tw 
at is M relationship between these two 26. Which molecule 
— is the 
enantiomer of 
this molecule? 
(А) СНА (в) CH 
Вг» С-Н Br"Cv»-H 
(A) identical molecules CH; CH;CI 
(B) conformational isomers (C) CH; (D) CH; 
(C) constitutional isomers CICH? ec - H CICH; ec Br 
] р 
(D) stereoisomers Br H 


41 


Stereoisomerism 


27. Which of these molecules could have an 29. Which Newman projection corresponds to point 
enantiomer? A on the graph of potential energy vs. rotation 


(A) ^ about the C,-C, bond? 
HO OH 
(B) oe 
“OH 
HO 


(D) OH 
HO 
28. Which molecule is the CH; 
same stereoisomer as the Cl H 
өч € Fischer H c 
CH; 
30. How many 
(A) CH; (B) н ©; stereocenters (chiral 
H СІ а >C- Ci centers) are present in 
Cl H CH; = this molecule? 
CH; 


CH; H CI CH; CI (A) 4 (B) 3 (C) 2 (D) 1 
ен ea NON 
H H 


1. B 4.C 7.2 
А 5.С 8.В 
3.D 6.€ 
Answers to Practice Questions 

1..€ 11.A 21.C 
2.A 12.D 22.B 
3.D 13.D 23°C 
4.B 14.A 24.А 
5. В 15.B 25.D 
6.C 16.B 26.D 
7.А 17.C 27.В 
8. С 18.А 28.С 
9.D 19.B 29.D 
10.B 20.A 30.B 
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Nucleophilic Substitutions and 
Eliminations 


Substitution Reactions 

In these reactions, an electron pair on the nucleophile (which is usually negatively charged) attacks the carbon 
atom with partial-positive charge that is bound to an electronegative atom. The electronegative atom is displaced, 
and is referred to as a ‘leaving group.’ Equation / is a symbolic representation of the reaction. 

8* 5 
:NuC + R-X —-R-Nu + :Х- (1) 

A specific example is the displacement of bromine from ethyl bromide by hydroxide ion (equation 2). 

Hydroxide ion is the nucleophile, and bromide ion is the leaving group. 


-OH + CH3CHjBr — CH3CH,OH + Br (2) 


Nucleophilic substitution can occur as the result of either a one-step mechanism or a two-step mechanism. The 
one-step mechanism is bimolecular, and the rate equation is first order in both concentration of nucleophile and 
concentration of alkyl substrate. Substitution reactions that occur via this mechanism (equation 3) are called S,2 


reactions (substitution, nucleophilic, bimolecular). 
8 5 _ 
iNu-- “= mim Nu UT X (3) 


меу еы 


The two-step mechanism involves initial ionization of the alkyl substrate to form a high-energy carbocation 
(equation 4), which then undergoes rapid reaction with the nucleophile (equation 5). The ionization reaction is the 
rate-determining step, and the rate equation is first order in the concentration of the alkyl substrate only. Reactions 
occurring via this mechanism are abbreviated S,1 (substitution, nucleophilic, unimolecular). 


| n 
pk mac ee (4) 


| 
pend ЗМ Ni. * ow (5) 


The stereochemical outcomes of the unimolecular and bimolecular reactions are distinctly different. 
Unimolecular reactions produce racemized tetrahedral stereocenters bearing the nucleophile because the intermediate 
carbocation is planar sp?-hybridized, and the nucleophile can attack from either side. Bimolecular reactions, on the 
other hand, proceed by inversion of configuration at the carbon center. 


Elimination Reactions 

Because of their unshared pair of electrons, nucleophiles can behave as bases, reacting with acidic protons of the 
alkyl substrate. The result is that elimination reactions compete with nucleophilic substitution reactions. In these 
reactions, the proton is removed from the alkyl substrate as it becomes bound to the base, and the departure of both 
the proton and the electronegative 'leaving group' yields an alkene. As with substitution reactions, the mechanism 
is one-step (E2) or two-step (E1). The E2 mechanism is shown in equation 6, and the E1 mechanism in equations 7 
and 8. 


me 
os 

H-C-C-CH, —- CH,-CH-CH, + NuH +Х:- 6 
[id (6) 
H X2 
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Nucleophilic Substitutions and Eliminations 


CH; 
CH,- с у? slow 


CH; 
CH, 


Nu hi cuj c — CH;-C 


CH; 


„з 
CH-G  «X- (7) 
CH; 
CH; 
+ NuH (8) 
CH; 


Since every nucleophile has basic character, and every base has nucleophilic character, substitution and 
elimination reactions are both possible (Table 1). Two factors determine mainly whether substitution or elimination 


will be the major product. 


e The primary, secondary, or tertiary character of the 
alkyl group bearing the leaving group. The major 
product is substitution if the leaving group is on a 
primary (1°) carbon atom. The major product is 
elimination if the leaving group is on a tertiary (3°) 
carbon atom. Another important trend associated with 
the structural character of the alkyl group is that 
bimolecular reactions are faster on primary carbon 
atoms and unimolecular reactions are faster on tertiary 
carbon atoms. 


e The nature of the base/nucleophile. Strong bases, 
such as alkoxides, favor the elimination product from 
2° and 3° carbon atoms. Weaker bases such as alcohol 
and water produce more substitution product, mainly 
by the unimolecular mechanism. Hindered bases favor 
the elimination product, even from 1° carbon atoms. 


The rates of both substitution and elimination are 
favored by “good” leaving groups—those that are 
weaker bases. Protonation of a poor leaving group turns 
it into a weaker base, making it a better leaving group. 
Protonation is the most common mechanistic step in 
all of organic chemistry. 

A potential energy diagram for bimolecular 
mechanisms is the familiar one-hump variety with a 
single transition state. Potential energy diagrams for 
unimolecular mechanisms (Figure 1) show the two 
steps with two activation energies and an intermediate 
in the energy “valley,” illustrated here for the reaction 
described by equations 7 and 8. The first step, 
heterolytic dissociation to the carbocation, is rate 
determining. The rate-determining first step is fastest 
(lowest activation energy) for the formation of tertiary 


Table 1 


Strong 
base’ 
(such as OH- 


Mostly E2 


NEN 


Mostly S42 | Sy1/E1 (slow) 
in polar, 
protic 
solvents 
SyV/E1 in 
polar, protic 
solvents 


SAEI in 
polar, 
protic 


solvents 


(CH34CBr + H,O 


Progress of reaction ————>- 


Figure 1. Potential energy diagram of an El reaction 


carbocations and slowest (highest activation energy) for the formation of primary carbocations. 


Nucleophilic Substitutions and Eliminations 


Study Questions 


The reaction of benzyl bromide (C,H,CH,Br) with 
azide ion (№) is as shown in the box. When the 
benzyl bromide concentration is constant and azide concentration doubles, the reaction rate is observed 
to increase by a factor of two. When the azide concentration is held constant and the benzyl bromide 
concentration doubled, the rate of the reaction doubles. What is the correct rate law for this reaction? 


(А) Rate =k (C,H,CH,Br}’ [№ (В) Rate =k [CH,CH;Br]* [МР 
(C) Rate = k [С;Н,СН,Вг? [№] (D) | Rate =k [C,H;CH,Br] [N5] 


———————————————————————————————————————————————————————————————————————— вања, 


C,H,CH,Br + Ny > C,H,CH,N, + Вг 


Knowledge Required: The kinetic rate law. 


Thinking it Through: Reaction rates depend in some way on the concentration of some or all of the reactants. 
Rate = k [C;HCHBr] МУР. This makes sense because reactions depend on how much of a reactant is present to 
react or how frequently the reactants contact each other. Consider the exponent a. The rate equation simplifies to 
Rate = k’ [C,H,CH,Br]*, where k^ includes the concentration of azide if it remains constant. You can reason that a 
must be one for the rate to increase by a factor of two when [C,H,CH,Br] is doubled. The same reasoning applies 
to exponent b of the azide concentration. All choices except for (D) are removed from consideration because only 
choice (D) shows the correct exponents of one. Reaction rates also depend on temperature and the presence or 
absence of catalysts; however, these variables are constant in the data supplied in this question. 


NS-2. What is the principal product of the reaction shown? . (CH3)3CBr HORT 


(A) | CH3OCC(CH3) (B) CHOCH; 


(C) | CH;-C(CH3)5 (D) CH; 
CH3OCH;CHCH; 


——————————ÁÁÓ— eee кекет еке SEESEESELESEEEEEAEELANL кое ников кии нони неее - 


Knowledge Required: (1) The meaning and nature of nucleophiles, bases, and leaving groups. (2) The structure 
of primary, secondary, and tertiary alkyl groups. (3) Reactants, products, and mechanisms of substitution and 
elimination reactions. (4) Factors that control substitution versus elimination. 


Thinking it Through: Observe that this is a reaction of a tertiary alkyl halide with the strongly basic 
nucleophile, methoxide ion, in methanol solution. This nucleophile/solvent system is one that favors ап $2 
displacement or E2 elimination. Choices (B) and (D) are eliminated because they cannot be derived as the result of 
any feasible displacement reaction with the alkyl halide. Tertiary alkyl halides are too sterically hindered to undergo 
an S42 displacement (choice (A)) and readily undergo E2 eliminations (choice (C)) with a basic nucleophile. 
Thus, choice (C) is left as the only possible correct answer. 


NS-3. What is the structure of the reactant that would yield the two products shown? 
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Nucleophilic Substitutions and Eliminations 


Knowledge Required: (1) The meaning and nature of nucleophiles, bases, and leaving groups. (2) Reactants, 
products, and mechanisms of substitution and elimination reactions. 


Thinking it Through: И is important to recognize that the CH,OH solvent written above the reaction arrow 
appears in the product (without its easily abstracted proton). The СН.О- group has become attached to the carbon 


atom that is bonded to both the phenyl group and the ring oxygen atom. This means that, unless rearrangements 
have taken place, a leaving group must have originally also been bound to that carbon atom. Choices (A), (B), 
and (D) do not contain a leaving group, and are eliminated. Only choice (C) contains a leaving group, bromine. 
Choices (B) and (D) each have a double bond, which is reactive with electrophiles but not with just a solvent. A 
bromine attached to a double-bond carbon atom is not reactive as a leaving group. 


NS-4. What is the expected major reaction pathway for the reaction shown? 


(Nomcn _CHCH C=C: _ 


Knowledge Required: El, E2, S41, and S42 reaction mechanisms. 


Thinking it Through: The Вг leaving group is attached to a primary carbon atom. Leaving groups on а 
primary carbon atom are susceptible to displacement by a nucleophile in a one-step, or bimolecular, collision. 
Such a direct collision resulting in a substitution is labeled as S42, which is choice (C). Choices (B) and (D), 
unimolecular mechanisms, are possible only for unique primary carbon atoms, such as allylic and benzylic carbon 
atoms. Those unique carbon atoms permit resonance stabilization of the primary carbocation that forms when the 
Br leaves. Choice (A) would be a possibility if the base were bulky, such as tert-butoxide. 


What is the configuration of the product in the base-catalyzed hydrolysis of (R)-1-chloro-1- 
deuteriobutane (CH,CH;CH;,CHDCI)? 


(A) (S)-1-deuterio-1-butanol (B) 
(C) meso-1-deuterio-1-butanol (D) 


m» 


(R)-1-deuterio- 1 -butanol 


a racemic mixture of (A) and (B) 


Knowledge Required: (1) Assignment of R and S absolute configurations. (2) Stereochemical consequences of 
Sy2 and S41 mechanisms. (3) Reactants and products of hydrolysis reactions. 


Thinking it Through: In a basic hydrolysis reaction, a leaving group is replaced by hydroxide forming a 
neutral alcohol. The chloride leaving group in the substrate of this question is on a primary carbon atom. 
Displacement of chloride by hydroxide then would proceed by an $5,2 mechanism. As the hydroxide oxygen atom 
is forming a new bond 180? opposite to the leaving chloride, the bonds to the other three substituents, H, D, and 
CH;CH,CH,, change to the opposite configuration as shown in the diagram. 


à D -OH m 
CH;CH;CH;-C- — CH;CI;CH;-Co«g 
CI D 


The R configuration changes to S (since the hydroxide and chloride both have highest priority on the carbon 
stereocenter that is reacting). Consequently, choice (A) must be correct. None of the R is formed, eliminating 
choice (B). Since a racemic mixture is equimolar quantities of both enantiomers, the elimination of choice (B) 
also eliminates choice (D). A meso compound, choice (C), requires at least two stereocenters and is overall 
achiral. The substituted butane in this problem has only one stereocenter. 


Nucleophilic Substitutions and Eliminations 


What is the order of rates from fastest to 
slowest for the reactions of the three 


nucleophiles with propyl bromide? Nu = СНЗОН, CH30^, CH;NH2 


CH;CH;CH3Br NY~CH;,CH,CH,Nu 


(A) CH,OH > CH,NH, > CH,O- CH,NH, > СН,О- > CH,OH 
(C)  CH,O->CH,NH, > CH,OH СН,О- > CH,OH > CH,NH, 


ЕИ ПОЕ 


Knowledge Required: The relative strengths of nucleophiles (nucleophilicity). 


Thinking it Through: Three generalizations concerning relative strengths of nucleophiles are important in 
determining the reaction-rate sequence: (1) Negatively charged nucleophiles react faster in substitution reactions 
than neutral nucleophiles. (2) Nucleophilic strength is in the same order as base strength when the nucleophilic 
atoms are in the same period of the periodic table. (3) Nucleophilic strength increases with increasing atomic size 
when the nucleophilic atoms are in the same column of the periodic table. Criterion (1) comes into play here, and 
the negatively charged methoxide ion should be the strongest nucleophile and react the fastest. This eliminates 
choices (A) and (B). Of the remaining nucleophiles, methylamine is more basic, and more nucleophilic, than 
methanol because the nitrogen atom is less electronegative than the oxygen atom (criterion (2)). This eliminates 
choice (D), leaving choice (C) with the correct order of reaction rates. 


NS-7. Which alkyl halide would you expect to undergo S,1 hydrolysis most rapidly? 
(A) | (CH,),CI (B) | (CH4CBr (C) (CHj4CCI (D)  (CHj,CF 


о СС С 


Knowledge Required: (1) The course of an S41 hydrolysis mechanism. (2) Relative leaving group tendencies. 


Thinking it Through: For all choices, the first rate-determining step is the formation of the same tertiary 
carbocation and a halide leaving group, as shown in this reaction. X stands for any of the halogens in the question. 


сну —- (CH3)3Ct + X^ 


Leaving group ability, that is the rate of the mechanistic step shown, increases with decreasing base strength 
of the leaving group (or increasing strength of the leaving group’s conjugate acid). Since iodide ion is the weakest 
base in the halide series (HI is the strongest acid in the HI, HBr, HCI, and HF series), iodide ion is the best leaving 
group, and choice (A) is expected to react most rapidly. 


NS-8. Which of these anions would be the most nucleophilic towards methy] iodide in an ethanol solution? 


(А) CH;CH,CH)-$ (B) (Уз 


(С) CH3CH;CH;5- OF (D) mm 
CH3CH;-C-Ó: 


Т е г 6 


Knowledge Required: (1) How structure affects base strength. (2) Relationships of basicity and atom size to 
nucleophilicity. 


Thinking it Through: Notice that the nucleophilic atoms of the anions are either oxygen or sulfur atoms. Of 
the three oxygen anions, the anion in choice (C) is the strongest base (and most nucleophilic) because it is not 
stabilized by resonance. The anions in choices (B) and (D) are resonance stabilized. The question now comes 
down to whether the anion in choice (C) or (A) is more nucleophilic. Oxygen and sulfur lie in the same column 
of the periodic table with sulfur below oxygen. Thus, a sulfur atom is larger than an oxygen atom, which results 
in sulfur being more nucleophilic. Choice (A) is the correct answer. 
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NS-9. 


From the data given in the right-hand box, what is the specific rotation of the alcohol produced in the 
bimolecular nucleophilic displacement shown below? 


н он 
A —OH_. c(Hi4CHCH 
Br" CH; 6Наз 3 
СНз 
0 = 34.6 


Knowledge Required: (1) Stereochemical outcome of bimolecular nucleophilic displacement reactions. (2) 
Relationship of the optical rotations of enantiomers. 


Thinking it Through: Since this is a bimolecular nucleophilic (5,2) displacement, the reaction occurs with 
inversion of configuration at the chiral center, with retention of optical activity in the product. Choice (C) is 
eliminated because that would be the result of racemization via ап Sy1 reaction. Choice (A) may also be 
eliminated, because that value is the specific rotation for the enantiomer of the starting bromide. The alcohol for 
which the specific rotation is —9.9 has the same configuration as the starting bromide, and is the mirror image 
(enantiomer) of the alcohol produced in the reaction, so choice (D) is eliminated. The specific rotation of the 
product would be +9.9, which is choice (B). 


NS-10. Which bromide would react the fastest in the 5 {2 reaction shown? 


R-Br + “CN 20000, р CN + -Вг 


(B) _ CH;CH;CHjBr 
CH;—CHCH;Br 


Knowledge Required: (1) Differentiation of classes of alkyl halides. (2) Effects of steric and electronic factors in 
the substrate on S,2 reactions. 


Thinking it Through: Recognition that choice (C) is a vinylic bromide immediately eliminates choice (C) 
because vinylic halides do not undergo Sy2 reactions. Choice (A) is a secondary alkyl bromide and has more steric 
hindrance to attack by the nucleophile than do the primary alkyl halides represented in choices (B) and (D). To 
choose between choices (B) and (D), the critical factor is that, in addition to being a primary alkyl bromide, choice 
(D) is also an allylic bromide. Allylic and benzylic halides undergo $2 reactions faster than the corresponding 
simple alkyl halides. Consequently, choice (D) is the correct answer. 


NS-11. 


Which set of products is expected from the reaction shown? 


= ‚НВ 
l У CH;CH, —©овс тезу 


(А) (В) 

Вг + BrCH;CH4 OH + BrCH,CH, 
(C) {у (D) Могеасііоп will occur. 

Вг + HOCH;CH; 


Nucleophilic Substitutions and Eliminations 


Knowledge Required: (1) Mechanisms and reactivities of ethers and alcohols with hydrobromic and hydroiodic 
acids. (2) Aryl halides and phenols do not undergo either S42 or $1 reactions. 


Thinking it Through: Cleavage of an ether usually requires a strong acid that has a conjugate base which is a 
strong nucleophile, such as HBr and HI. Depending on the type of alkyl group, the acid reaction with the halide ion 
produces an alkyl halide and an alcohol. Under the usual reaction conditions, an excess of the halogen acid is used, 
which converts the initial alcohol into a secondary aryl halide. The present ether is an alkyl phenyl ether, and since 
phenols and phenyl halides do not undergo either 5,2 or $1 reactions, the cleavage will occur at the alkyl-oxygen 
bond. An S,2 attack on the primary alkyl group will produce ethyl bromide and phenol. No further reaction will 
occur, even in excess HBr, because the phenol is inert to S42 or Sy1 reactions. Thus, choices (A) and (C) are 
incorrect and the correct answer is choice (B). Since diaryl ethers are the only type of ethers that are not cleaved by 
HBr or HI, choice (D) is not valid. 


NS-12.  Whatis the product of the reaction shown? 


во Len 


н осн 


207 


> 


HO OCH, CHO 


о авиа оюя во ваввнанававававванаванаянана; 


Knowledge Required: (1) The importance of ring strain in epoxides, which allows them to undergo 
nucleophilic carbon-oxygen bond cleavage reactions that normal ethers will not undergo. (2) Mechanism and 
regiochemistry of ring opening of epoxides by basic nucleophiles (as opposed to neutral nucleophiles with acid 
catalysis). 


Thinking it Through: Ring opening reactions of epoxides occur by an S42 mechanism whether or not the ring 
oxygen atom is protonated. However, the regiochemistry of the nucleophilic attack does depend upon whether or 
not the ring oxygen atom is protonated prior to the attack by the nucleophile. When the oxygen atom is not 
protonated, the nucleophile behaves as in a normal S2 reaction, and attacks the less substituted carbon atom. 
When the oxygen atom is protonated, the nucleophile attacks thé more highly substituted carbon atom if it is a 
tertiary carbon atom. Otherwise, attack occurs at both carbon atoms to give mixtures of products. Since the ring 
openings аге S,2 reactions, the nucleophile.must attack from the backside of the carbon—oxygen bond. This inverts 
the configuration at the reaction site and retains the configuration at the site that becomes the alcohol. Fused-ring 
epoxides will then give a product in which the nucleophile and the OH group are trans to each other. Choices (C) 
and (D) are immediately eliminated because the -OCH, апа -OH groups are cis. The -ОСН, and -OH groups are 
trans in both choices (A) and (B), but the regiochemistry is different. Choice (B) has the correct regiochemistry, 
with the -OCH, group on the less substituted carbon atom, and is the correct answer. 
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Which bromide will undergo hydrolysis by an Sy1 mechanism the fastest? 


(A) Br (B) Br 
CH4CH- CCH;CH;CH; CH3CH;CH;CHCH;CH; 

(C) Br (D) Br 
CH3CH- CHCH;CHCH; CH3CH- CHCHCH;CH; 


AREA 


Knowledge Required: (1) Formation of a carbocation in the rate-determining step of $1 reactions. (2) 
Differentiation of allylic and vinylic halides. 


Thinking it Through: The rate of an S41 reaction is a function of which compound will form the most stable 
(or least stable) carbocation. Choice (A) differs from the other three choices in that it is a vinylic bromide. Vinylic 
cations are much less stable that alkyl cations, and vinylic halides do not normally undergo $1 reactions. Choice 
(A) is eliminated. Choices (B), (C) and (D) are all secondary alkyl bromides, but choice (D) is also allylic. The 
carbocation from choice (D) is stabilized by resonance, whereas the carbocations-from choices (B) and (C) are 
not. Consequently, choice (D) forms the most stable carbocation, and is the correct answer. 


NS-14.  Whatis the principal substitution product of the OH 
reaction shown? CH;CHCHCH;CH; HBr, 
CH3 


(A) Br (B) Br 
CH;CCH;CH;CH; CH;CHCHCH;CH; 
CH; СН» 


(С) Вг (D) Br 
CH3CHCHCH,CH, CH3CH;CCH;CH, 
CH; CH; 


Knowledge Required: (1) Mechanisms for the reactions of alcohols with the hydrogen halides (HX). 
(2) Carbocation rearrangements. 


Thinking it Through: Secondary and tertiary alcohols react with the hydrogen halides via an 5,1 mechanism. 
1,2-alkyl or 1,2-hydride rearrangements often occur when a more stable carbocation can be formed from the initial 
carbocation. When rearrangement occurs, the alkyl halide that is produced is derived from the rearranged 
carbocation. Here, a more stable tertiary carbocation forms from the initial secondary carbocation as the result of a 
1,2-hydride shift. This rearranged carbocation then reacts with bromide ion to give the product. Choice (A) has the 
structure that would result from bromide ion attacking this rearranged carbocation, and is the correct answer. 
Choice (B) corresponds to the product of the non-rearranged carbocation. Choice (C) could come from a rearranged 
carbocation (via a 1,2-methyl shift), but this rearrangement will not occur because the second carbocation is not 
more stable than the first one. Choice (D) corresponds to the product of a 1,2-methyl shift without rearrangement 
of the carbocation. 


jas * 
CHs-C- CH;CH; —- СНз C- CH;CH;CHs 
CH; CH3 
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What is the major elimination product from the 


i 9 
reaction shown? CH; _CHCH,OK 
Br CH3CH;OH 


Knowledge Required: (1) The stereochemical requirements for B-eliminations that proceed via the E2 
mechanism. (2) Conformational changes for cyclohexanes. 


Thinking it Through: The majority of E2 eliminations require a transition state conformation in which the B- 
hydrogen atom and the leaving group are anti. When the elimination occurs in a cyclohexane ring this requirement 
means that the hydrogen atom and leaving group are trans and diaxial. In the chair conformation shown, the 
bromine is equatorial, so the ring must flip to the other chair conformation before an elimination can occur. 


Inspection of this conformation reveals that there is only one B-hydrogen atom that is axial and trans to the 
bromine. Choice (D) is the only alkene that can be produced, and is the correct answer. Choices (A) and (C) 
would have to form vía a syn-elimination, requiring a boat conformation in the transition state. The higher energy 
of the boat versus a chair conformation makes this unlikely. Choice (B) is not possible, because the hydrogen and 
bromine atoms are not on adjacent carbon atoms. 


NS-16. What is the major product of the reaction shown? 
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Knowledge Required: Factors that control the regiochemistry of B-eliminations. 


Thinking it Through: When more than one type of B-hydrogen atom is present in the alkyl halide, electronic 
and steric factors control which B-hydrogen atom is preferentially abstracted by the base. When the alkyl halide and 
base are relatively unhindered, electronic factors dominate, and control which B-hydrogen atom is abstracted. The 
transition state for an E2 reaction has some double-bond character; therefore, alkene stability affects the transition 
state energy. The base preferentially abstracts the B-hydrogen atom that leads to the more stable alkene. When 
bulky substituents in the base (and/or the alkyl halide) produce steric hindrance in the transition state, steric factors 
override the electronic factor. Then, the base preferentially abstracts the least sterically hindered f-hydrogen atom. 
Here, the reactant contains three types of B-hydrogen atoms, which can give rise to the alkenes in choices (A), (B) 
and (C). Choice (D) cannot be produced by a B-elimination and is eliminated. There are no overriding steric effects 
from the alkyl bromide or the base, so the most stable alkene is formed. Choices (B) and (C) are both tri- 
substituted alkenes, whereas choice (A) is a di-substituted alkene. Choice (A) is the least stable alkene, and is 
eliminated. The new double bond in choice (B) is conjugated with the aromatic ring, but the new double bond in 
choice (C) is not. Hence, choice (B) is the more stable alkene, and is the correct answer. 


1: 


Practice Questions 


What reagents could | CH.CH;CH;C &CCH; 
be used to accomplish 


the synthesis of this compound? 

(A) CH3;CH,CH2Br + Ма* ~C=CCH; 

(B) CH;CH2Br + Nat ~C=CCH; 

(C) CH3CH2CH,CH2Br + Nat -С= ССН; 
(D) CH3CH;CH; + HC&CCH; 


. When 2-bromo-2-methylbutane is treated with a 


base, a mixture of 2-methyl-2-butene and 
2-methyl-1-butene is produced. 
CH3 CH3 CH; 


! 
снзсн,-С-Вг base. CH.CH- CCH; + СН.СН.С= CH; 


CH; 


When potassium hydroxide is the base, 2- 
methyl-1-butene accounts for 45% of the 
mixture. But when potassium tert-butoxide is 
the base, 2-methyl- 1-butene accounts for 70% 
of the mixture. What would you predict for the 
percent of 2-methyl-1-butene in the mixture if 
potassium propoxide were the base? 


(A) less than 45% 
(B) 45% 

(C) between 45% and 70% 
(D) more than 7096 


. Which is a possible 


3. Which reaction would proceed the fastest? 


(A) CH3;CH,0CH; + "OH —— 
CH4CH;0H T ОСН; 
(B) CH3CH,SCH; + “OH — 
CH4CH;0H * “SCH; 
(C) ‘CH3;CH2N(CH3)2 + “OH — 
CH4CH;0H + ТМ(СН+)» 
(D) Ш 
CH3CH20SC6H,CH3 +7ОН — 
е 0 
CH3CH20H + “OSC¢H4CHs 
О 


product of the 
reaction shown? 


(A) Н Br 
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5. What would be the major product of the 
dehydrohalogenation of 2-chloropentane by 
KOH? 


(А) CH;—CHCH;CH;CH; 
(B) CH3CH- CHCH;CH; 


(C) CH; 
CH;5—CCH;CH; 

(D) СНз 
CH,;C=CHCH; 


6. What would be the major product of the 
dehydrohalogenation of 3-chloropentane by 
KOH? 


(A) СНз 
CH5— CCH;CH; 


(B) СНз 
CH3;C=CHCH3; 
(C) CH;—CHCH;CH;CH; 
(D) CH3CH-CHCH;CH; 
7. Identify possible 
product(s) of 
dehydrohalogenation 


of cis-1- bromo-2- 
methylcyclohexane. 


(A) CH; 
oan 

(B) CH3 CH3 
CY +O 

(C) CH; 
can 

(D) CH3 CH; 
CY +CY 


8. What would be the major product of 
dehydrohalogenation of 2-chloropentane by 
potassium hydroxide? 


(A) CH;—CHCH;CH;CH; 
(B) CH3CH-CHCH;CH; 


(C) CH; 
CH5—CCH;CH; 

(D) СНз 
CH;C=CHCH; 


9. Identify possible 


product(s) of 

dehydrohalogenation 
of trans-1- bromo-2- 
methylcyclohexane. 


(A) СН; 
CY only 
(B) CH; CH; 
OY «C 
(C) СН; 
CY only 
(D) CH3 CH; 
CY «CY 


10. In the dehydrohalogenation of 2-bromo-2- 
methylbutane with potassium hydroxide, which 
hydrogen atom is preferentially abstracted? 


Hy — CH? Не 


H,—CH;- C— CHCH, КОН 
Br 
(A) H, (B) H, 
(C) H, (D) Н, or H, 
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11. 


12. 


13. 


Why would concentrated hydrobromic acid be an 14. What reagent could accomplish this reaction? 

inappropriate catalyst for the dehydration of 

(A) HBr is too weakly acidic to protonate the 
alcohol. I N3 

(B) The conjugate base, Br , is a good (A) СНЫ (B) IN, 
nucleophile and it would attack the 
carbocation to form an alkyl bromide. ш 0») ш 

(С) HBr is strongly acidic, so the water 15. Consider this prototypical nucleophilic 
molecule would not be a good leaving substitution shown in the box. The effect of 
group after protonation of the alcohol. doubling the volume of solvent would be to 


(D) HBr would be more likely to promote миди See 


rearrangement of the carbocation СН.Вг + “OH — CH,OH + Br 
. * 
— À (А) 14 (B) i2 (O2  (D)4 


Which carbocati ld not be likely t 
RENE РИН ЯВ 16. If this alcohol is dehydrated, which alkene is 


undergo rearran; t? 
m likely to be formed in the largest quantity? 
a CH ci Tes | 
3 3 CH;—C—ÇH—CH;CH; JI... 
(B) , СНз СНз OH 
CH4CHCCH; 
CH, (A) СН 
CH,-C-CH-CHCH; 
e В „. CH; 
CH3CCH;CH; 
ы (В) CH; 
(D) CH; CH5-C-C-CH;CH; 
CH;CHCH; CH3 
(C) CH; 
Which alcohol is dehydrated fastest in CH3—C-CH-— CH;CH; 
LU 
concentrated H,SO,? CH; 
OH 
m CH,CH,CCH a» тз 
3 = 3 CH;—CH—C-CHCH; 
(B) CH3CH;CHCH;OH | 
CH; 17. What would be the first step in the dehydration 
of cyclohexanol in sulfuric acid? 
(C) OH " 
CH4CHCHCH; (A) loss of OH 
| 
CH3 (B) loss of H* by the alcohol 
(D) CH;CHCH;CH;0H (C) formation of a sulfite ester 
СН; (D) protonation of ће alcohol 
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18. A bimolecular nucleophilic substitution (5,2) 21. Which is the weakest nucleophile? 
" (A) О (B) CH3CH;ONa 
(A) atwo-step process in which a bond is CH34CONa 
broken then a new bond is formed and . 
there is inversion of configuration. (C) (CH3CH2),NLi (р) CF;CH;ONa 
(B) atwo-step process in which a bond is 22. Whatis the stereochemistry of the nitrile 


broken then a new bond is formed and 


ced in the reacti ? 
there is retention of configuration. кешеа on shown 
CN 
(C) a one-step process with inversion of NaCN 1 
configuration. CH3CH;CHCH; 


(D) aone-step process with retention of 
configuration. 


(S)-isomer 


(А) 1:1 mixture of (R)- and (S)-isomers 
19. Which is the order from fastest to slowest for 


the rates of the 5,2 reactions of these alkyl (B) (R)-isomer only 
bromides with CH,S /DMSO? (C) unequal mixture of (R)- and (S)-isomers 


(D) (S)-isomer only 


23. Which of these structures best depicts the 


СВ-ВО transition state for the reaction of СН with 


2 СН;ОК in CH,OH? 
(A) 1>2>3 (B) 2>3>1 (A) нн |7 
«S 
(C) 3>1>2 (D) 1>3>2 CH;--C--1 
H 


20. Which of the mechanistic steps shown is not a 
reasonable one in the mechanism to describe the (B) н H 


formation of 2-methyl-1-butene by dehydration SAN 
of 3-methyl-2-butanol? KO-C--I 
CH; OH CH; H 
CH;-C— CHCH; —- CH;—C-CH;CH; (C) H H ~ 
we 
H снзо--С--1 
- H 
UM uL < ен, 
CH3—C—— CHCH; — CH3— C—CHCHs (D) H 
| 
H H OH3C--H--C--I 
(B) СНз CH; H 


1 + | 
CH3—C— CHCH; = CH;—C—CH,CH; 

1 + 

гар ш 


24. Which reaction is (CH3);COCH2CH3 
(C) CH3 CH; best suited for the 


* + 
CH;-C— CH- CH, 7 CH, C- CH;-CH, preparation of the ether shown? 
" " н (А) (CHs)3CBr -HsChOK ,. 
(D) СНз CH; єєн i 
CHa C- CH,CH; ~ CH; C- CH;CH; (B) CH4CH;MgBr -CH33C0B ‚ 
H sr (C) CHyCH Br -CExsCOK , 
| 
H 


(D) (CH44CMgBr -СН:СНЊОН , 
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25. Which reaction would produce phenyl propyl 28. What is the principal product of this reaction? 
ether? 
(A) | O^ Na* 
CH3CH;CH;0H 
(A) OCH; 
OH 
B O^ Nat 
(B) я CHCH; 
CH4CH;CH?Br 
(B) OH 
22 -снсн, 
(C) Br ОСН; 
CH3CH2CH207 Na* (C) OCH; 
CH;CH;CH;0H CH;CH; 
OH 
(D) Br (D) OH 
СНзСН:СНВг ОСН; 
NaOH 
СН»СН» 
26. What is the expected product of this reaction? 29. Which two compounds ionize with loss of 


bromide ion to form the same carbocation? 


LiAIH, | H;O,H* 
Dow THF 


CES 


Jg. 7] 


HO CH; 
а; afa. 
Hai ZA CH; HOn 
D OH D 
(A) 1апа2 (В) 2 and 3 
27. Which bromide will most rapidly undergo (С) Тапа 4 (D) 3 and 4 
solvolysis in aqueous ethanol? 
) Br (B) Вг 
Q Q 
о о 


(р) 


о Q 
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30. Predict the major 
product of the 
reaction shown. 


32. What is the major product of this reaction? 


(A) CH3 
CH;CH3Br (A) CoHs 
CH;C- CHCH; 
(B) CH3 HO CgH; 
[i a) çai 
Br CH;—CCHCH; 
(C) Br, (CH; СН; 
(om (C) Сен; Сн; 
с=с 
(D) CHBr CH3 Сен; 
CH; (D) Cols Сен; 
С=С, 
CH, CH; 


31. Which is the proper representation of the “flow” 
of electrons in this E2 elimination? 33. What are the expected products from the 
reaction shown? 


{_ )—о-снснснон Ice). 


C;HsONa 


Ts 
CH34CH;CHCH4 


CH3CH- CHCH; + NaOTs + C;H;OH 


C4H;0- (A) 
(A) teu ( yw + BrCH;CH;CH;0H 
1 
снз-Сн\сн-сн, 
Gi (B) 
OTs Br + BrCH;CH;CH5Br 
(B) E ` 
i (C) 
CH;— CH] ÇH- СН; ОН + BrCH,CH,CH2Br 
OTs 
С›Н;0= (D) 
(с) "ит { )-о-сњсњснон 
CH4—CH—CH- CH; 
II 1 
Н OTs- 
(D) COTs 


CH3— CH;- CH= СНз == 
CH;— CH; CH- CH; + “OTs 
C3H40-. 4H 


57 


Nucleophilic Substitutions and Eliminations 


Answers to Study Questions 


1.D 7.А 13.D 
2€ 8.A 14.A 
3С 9.В 15.0 
4. С 10.0 16.B 
5. А 11.В 

6. С 12.В 

Answers to Practice Questions 

1.А 12.С 23.С 
24€ 13.A 24.C 
3.D 14.D 25.B 
4.D 15.A 26.C 
S.B 16.B 27 -À: 
6.D 17.D 28.B 
7.B 18.C 29.C 
8.B 19.B 30.C 
9, А 20. С 31.A 
10.C 21.A 32.C 
11.B 22.B 33.B 
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Electrophilic Additions 


The carbon-carbon double bond is an electron-rich region that is attractive to electrophiles. In the generalized 
mechanism shown in equation /, the electrophile bonds to one of the carbon atoms using two electrons of the 
double bond. This forms a carbocation intermediate. The electrophilic attack is usually regiospecific and the most 
stable carbocation predominates. Once formed, the carbocation may rearrange to a more stable carbocation by alkyl 
group or hydride migration. The carbocation intermediate is susceptible to nucleophilic attack, which completes the 
addition to the double bond (equation /). 

Nu 


oN BALE №. ALE (1) 


Conjugated dienes allow both 1,2- and 1,4-addition to occur via an allylic carbocation. The product is often a 
mixture of 1,2- and 1,4-addition products. The 1,2-addition product (often called the kinetic product) forms faster 
than the 1,4-addition product and dominates if the reaction is stopped before equilibrium is reached. The 1,4-addition 
product (often called the thermodynamic product) is usually more stable than the 1,2-addition product and dominates 
if the reaction is allowed to reach equilibrium. 

The reactions of alkynes are similar to those of alkenes. Hydration of the triple bond and partial reduction to 
alkenes are common examples. 

Some addition reactions often display stereoselectivity for syn- or anti-addition of the electrophile and 
nucleophile. Such observations are not consistent with the simple mechanism presented in equation 1. For 
example, the anti-addition of halogens is rationalized by the formation of a halonium ion that blocks the subsequent 
addition of the nucleophile. The syn-addition of hydroboranes are rationalized by the more or less concerted nature of 
the bond makings and breakings as the addition occurs. Stereoselectivity is difficult to predict, and must become 
part of a student's empirical knowledge base. 

Several addition reactions that are not necessarily electrophilic additions are included in this section. These 
reactions include epoxidation, carbene additions, and the Diels—Alder reaction. All are concerted addition reactions 
that do not involve the formation of intermediates. These reactions are recognized by structural features of reactants 
and reaction conditions. In each case, it is necessary to know the stereochemical result of that type of reaction. 


Study Questions 


EA-1.  Predict the major product from the reaction shown. 


(A) СН; 


Knowledge Required: (1) Properties of nucleophiles апа electrophiles. (2) Factors affecting carbocation 
stability. 


Thinking it Through: The hydrogen-chlorine bond is polar, with the hydrogen atom slightly positive relative 
to the electronegative chlorine atom. The hydrogen ion is the electrophile, and the chloride ion is the nucleophile. 
The hydrogen ion adds to the double bond to give the tertiary carbocation rather than the less stable secondary 
carbocation. Choices (A) and (B) would form by addition of the nucleophile to the secondary carbocation, and are 
eliminated. Choice (C) does not involve addition to the double bond. Choice (D) forms by addition of the 
nucleophile to the tertiary carbocation, and is the correct answer. 


59 


Electrophilic Additions 


EA-2. What is the expected product for the reaction shown? 


——A—A—————————————————————MM 


Knowledge Required: (1) Properties of nucleophiles and electrophiles. (2) Factors affecting carbocation 
stability. (3) Electron-releasing substituent effect of alkoxy groups. 


Thinking it Through: The initial electrophilic attack is by the H* electrophile. The oxygen atom of methanol 


is the nucleophile. Choices (B) and (D) are eliminated because they require the electrophile to come from cleavage 
of the carbon—oxygen bond of the methanol. To choose between choices (A) and (C), the relative stability of the 
two possible carbocations must be considered. In this case, the hydrogen ion becomes bound to the carbon atom 
that is further from the oxygen atom, forming a carbocation that is stabilized by resonance. Resonance 
stabilization results from electron donation from the oxygen atom that is attached to the double bond. 


H H 
| \ CH30H А РЭЧ, ( 
Н? РА 
О е) 9 


The methanol nucleophile then attacks the carbocation to yield a protonated ether, which then loses the proton 
to produce product (C), the correct answer. 


As shown in the equation, which set of reagents will convert the alkene into this alcohol as the 


principal product? 


THs Th 
CH;-C-CH-CH, =e CH;-C—CH-CH; 
CH; CH; OH 


(A) | H;O/H (B) _ THF.BH, followed by H,O,, OH 
(C) | Hg(OAc); H,O followed by NaBH, (D)  HBrí(ag) followed by OH 


К С 


Knowledge Required: (1) Regiochemistry of electrophilic additions, specifically hydroboration—oxidation and 
oxymercuration-demercuration. (2) Carbocation stability and tendency to rearrange. 


Thinking it Through: The desired transformation is the addition of water to the double bond in what is called 
“Markovnikov” regiochemistry. The hydroxyl group becomes bonded to what would have been the most stable 
carbocation. In addition, the formation of a secondary carbocation must be avoided since it can rearrange to a more 
stable tertiary carbocation by a methyl shift. All of the possible answers can result in the addition of water to a 
double bond. The hydroboration-oxidation sequence in choice (B) would result in “anti-Markovnikov” addition of 
water. The acidic conditions in choices (A) and (D) would result in free carbocations that would rearrange rapidly 
and result in very little of the desired regiochemistry. The oxymercuration-demercuration sequence in choice (C) is 
the correct answer because it avoids a free carbocation and gives the overall “Markovnikov” regiochemistry. 


Electrophilic Additions 


What is the product of the reaction sequence 


1. BD 
shown? BDs 


— но, NaOH 
CH; 


(A) (B) 
Р + enantiomer 4 + enantiomer 


н СН, H CH; 


(C) 
+ enantiomer + enantiomer 


Knowledge Required: Regiochemistry and stereochemistry of the hydroboration—oxidation sequence. 


Thinking it Through: This is a classic problem probing the regiochemistry and stereochemistry of a 
"standard" reaction sequence. Hydroboration—oxidation results in the “‘anti-Markovnikov” addition of water to the 
double bond. That means that the hydroxyl group will become bonded to the carbon atom that would be the least 
stable carbocation. The two steps are stereospecific and result in the syn-addition of water to the double bond. The 
reagent used for the hydroboration step in this problem is an isotopically labeled diborane, where the normal 
hydrogen atom has been replaced with a deuterium atom. In the hydroboration step, the boron becomes bonded to 
the carbon atom that would form the least stable carbocation and the deuterium atom becomes bonded to the carbon 


atom that would form the most stable carbocation. The choices provided for this question represent all possible 
combinations of regiochemistry and stereochemistry. Choices (A) and (B) have the correct stereochemistry for 
syn-addition, whereas choices (C) and (D) have the stereochemistry for anti-addition. Thus, choices (C) and (D) 
can be eliminated. Of choices (A) and (B), only choice (A) has both the stereochemistry for syn-addition and the 
regiochemistry for anti-Markovnikov addition of water. Choice (A) is the correct answer. The addition can occur 
from either side of the double bond, producing enantiomers. 


ЕА-5. Which intermediate is involved т the 
reaction shown? 


Knowledge Required: Formation and reactions of carbenes with alkenes. 


Thinking it Through: The reaction conditions are rather specific for this reaction and probably must be taken 
into account. The potassium tert-butoxide is a sterically hindered strong base. When trihalomethanes are treated 
with the strong base, deprotonation gives the trihalomethyl anion, which loses a halide ion to give the neutral 
carbene. The dihalocarbene adds to the alkene in a cycloaddition reaction to give the dihalocyclopropane. The 
cycloaddition reaction is usually stereospecific, with the stereochemistry of the alkene maintained in the 
cyclopropane. The acidic nature of the hydrogen atom іп the CHCI, can be predicted from the stabilizing effect of 
the three chlorine atoms on the negative charge of the trichloromethyl anion. The loss of a chloride ion leads to 
choice (A), dichlorocarbene. The other choices are structurally implausible. 
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Electrophilic Additions 


EA-6. The addition of bromine to the alkene shown will give 


(A) one meso compound (B) one pair of enantiomers 


(C) two meso compounds (D) four stereoisomers 


Knowledge Required: (1) Stereochemistry of bromine addition. (2) Definitions of enantiomers and meso 
compounds 


Thinking it Through: The addition of bromine occurs in an anti fashion via a bromonium ion that can form 
from either the top or the bottom of the double bond. This problem requires drawing the 3-dimensional 
representation of the product followed by analysis of the stereochemical possibilities. The anti-addition of Br, to 
the alkene shown gives the two stereoisomers shown below, which eliminates choice (D). The chiral (stereogenic) 
centers are not mirror images of one another in either isomer, so they cannot be meso isomers. This eliminates 
choices (A) and (C). Comparison shows them to be a pair of enantiomers. Thus, choice (B) is the correct 
answer. 


нєн, 
anes 


The addition of bromine to alkenes is one of a number of stereospecific addition reactions. Questions regarding 
the stereochemical outcome of addition reactions should always be worked out rather than relying on previously 
observed equations. 


EA-7. Which product(s), shown below, would be formed in the reaction shown at 
right? 


(B) IandI ony (С)  HandIH only (D)  I,Iland IM 


Knowledge Required: Addition products of electrophilic addition to conjugated dienes. 


Thinking it Through: The electrophilic addition to conjugated dienes occurs at a terminal carbon atom of the 
four-carbon-atom diene system. The resonance-stabilized allylic carbocation intermediate has a partial positive 
charge at both ends, and therefore, the nucleophile attacks at both carbon atoms. The result is a mixture of 1,2- and 
1,4-addition products. Product I is the result of 1,2-addition. Product II is the result of 1,4-addition. Product III is 
not possible from electrophilic addition. Therefore, choices (C) and (D), which contain product III, are 
eliminated. Choice (A) fails to recognize the mixture of products that would be obtained. This leaves choice (B) 
with both 1,2- and 1,4-addition products as the correct answer. 


Electrophilic Additions 


What is the product of the reaction of (Е)-1- 
phenylpropene with peroxybenzoic acid? 


(A) end 


(C) H H 


CH; 


ООО СООО ООС ООО ССОО EERE ses г шр 


Knowledge Required: Reaction products of peroxyacids with alkenes. 


Thinking it Through: Peroxyacids contain the unique functional group, -CO,H, and are reagents that convert 
alkenes to epoxides (three-membered cyclic ethers). The epoxidation reaction is stereospecific in that the 
stereochemistry of the alkene is maintained in the epoxide. Choices (A) and (B) are not epoxides and are 
eliminated. Choices (C) and (D) are epoxides, but with different stereochemistry. The substituents are cis to each 
other in choice (C), but trans to each other in choice (D). Since the substituents are trans in the starting alkene, 
choice (D) is the correct answer. 


What is the major product isolated from the reaction 
shown? 


(A) 


НО, H9S04 
HgSO, 


CH;CH)-C=C-H 


Д = R 
CH3CH2CCH3 CH3CH;CH;?CH 


H (D) H 


(C) i 
CH;CH;CHCH;OH CH3CH;CHCH; 


СЕЕ С = = С 


Knowledge Required: (1) Properties of nucleophiles and electrophiles. (2) Factors affecting carbocation 
stability (Markovnikov regiochemistry). (3) Products of keto-enol isomerism. 


Thinking it Through: Mercuric sulfate is a catalyst that makes the hydration of an alkyne proceed smoothly, 
and the Hg” ion is the electrophile that initiates the reaction. However, the reaction outcome is the same, and 
much easier to understand, if H* ion is considered to be the electrophile. The oxygen atom of water is the 
nucleophile. The regiochemistry of the protonation of an alkyne is the same as for an alkene; the more 2° stable 
vinyl carbocation preferentially forms. Water then attacks the carbocation to give an enol, with the hydroxyl group 
attached to the more substituted carbon atom of the triple bond (Markovnikov regiochemistry). The enol rapidly 
rearranges to the corresponding ketone. 
a п 
CH3CH;—C-CH,; —- CH3;CH,—C-—CH3 
enol ketone 


Choices (C) and (D) are eliminated because they are neither an enol nor a ketone. Choices (A) and (B) could 
both be formed from isomerization of an initial enol, but the enol necessary for choice (B) would require the 
formation of the less stable 1? vinyl carbocation. Thus, choice (A) is the correct answer. 
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Electrophilic Additions 


What is the major product of the Diels—Alder reaction 
shown? 


Л = 


Knowledge Required: (1) The electron reorganization that occurs in the Diels-Alder reaction. (2) The 
stereochemical preferences observed in the Diels—Alder reaction. 


Thinking it Through: The Diels-Alder reaction involves the formation of a six-membered ring via a 
reorganization of the л electrons from a conjugated diene and an alkene (a dienophile). The reaction is considered to 
be a concerted 4+2 cycloaddition reaction, and occurs simply by heating the reactants together in solution. The 
stereochemistry of the alkene is maintained in the resulting six-membered ring. When cyclopentadiene is the diene, 
a bicyclo[2.2.1 ]heptene results. The preferred transition state leads to the stereoisomer in which an unsaturated 
substituent is oriented endo (trans to the one-carbon-atom bridge). The exo orientation (cis to the one-carbon-atom 
bridge) is more thermodynamically stable, but it has a higher transition state energy. Consequently, the exo 
product forms more slowly. Choice (C) is 242 cycloaddition that does not occur thermally, and can be eliminated. 
Choice (D) can also be eliminated because the 7 electrons of the dienophile have not taken part in the reaction; the 
double bond of the dienophile still exists. Choice (A) is incorrect because the two substituents are trans to each 
other, whereas they were cis in the dienophile. Choice (B) has the substituents cis to each other with the preferred 
endo orientation, and is the correct answer. 


What is the major product from the reaction of 1-butene with bromine in methanol? 


(A) (B) 


T 
"e 


(C) H3 (D) H3 
CH3CH;CHCH3Br CH3CH;CCH3 
T 


r 
— — 


Knowledge Required: (1) Mechanism for halogenation of alkenes. (2) Regiochemistry for nucleophilic attack 
on cyclic halonium ions. 


Thinking it Through: Bromine addition to alkenes proceeds through an intermediate bromonium ion. When 
the solvent is non-nucleophilic (chloroform or methylene chloride, for example), the only nucleophile present is 
the bromide counter ion. Bromide ion attacks the bromonium ion to give a vicinal dibromide. However, when the 
solvent is nucleophilic (water or an alcohol, for example), the solvent nucleophile can attack the bromonium ion 
to give a B-bromoalcohol (a bromohydrin) or a B-bromoether. Since the solvent is in large excess over the bromide 
ion, nucleophilic attack by the solvent predominates. Here, methanol is the solvent, and the product must be a В- 
bromoether. Choice (A), a bromoalcohol, and choice (D), an o—bromoether, are eliminated. Choices (B) and (C) 
differ only in the regiochemistry of the nucleophilic opening of the intermediate bromonium ion. The solvent 
preferentially attacks the carbon atom with the greatest amount of partial positive charge, which is the more highly 
substituted one. Therefore, choice (C) is the correct answer. 


Electrophilic Additions 


Practice Questions 


1. What is the major но 4. Predict the product from the reaction shown. 
product from the (сне, + CH;CH; 
. А ] 
reaction shown? CH3;CH>—CH-CH=CH, НС 
(A) H 
(A) CH;CH; 
CHCH; CHa4CH;— Ç —CH;CH; 
Сі 
(В) OC (B) CH2CH; 
- CH;CH;-CH— CHCH; 
H CI 
(C) t 
HCH; (©) T6 qe 
CHa4CH;— c —GH— CH; 
(D) Ha СІ 
(D) CH;CH; 
OH CH;CH;- CH— CHCH; 
Hs CI 
2. Predict the major product of the reaction shown. 5. Identify the nucleophile that attacks the 
1. BH, carbocation intermediate in the acid-catalyzed 
ФЕТ 780 aon ^ hydration shown. 
OH 
: (CH4C-CHCH,—- (CH;);CCH,CH; 
C9 CP, (A) HO (B) H,O 
OH OH (C) H* (D) HO 
(C) CHs (D) MR 6. What is the product of the reaction shown? 
ен en CH30 — \-cec —СН2СНз D 
H OH 
3. Which would be the best method to carry out (A) OH OH 
the transformation shown? CH30 CH—CHCH,CH3 
OH 
(CH;);CHCH=CH, —~ (CH;);CHCHCH, (B) о 
сњо сњ, -6-снсњ, 
(А) H,O, H* 
OH 
(B) HBr, ROOR followed by NaOH (C) i 
CH;0 CH- CH;CH;CH; 
(C) BH, followed by Н,О,, NaOH 
(D) Hg(OAc),, H,O followed by NaBH, (D) о 
cuo-( \7-6-сн,снсн, 


Electrophilic Additions 


7. Which set of reagents will carry out the 11. Which is the expected product of this reaction? 
conversion shown? 
„(Ођ-вн 
= «ee Sad RN 
cr ue cre Cds С"С-Н — 4,0, NaOH 
(à) 0 
(A) H,O, peroxides CsHsCCH3 
(B) H,O, H* (B) OH 
| 
(С) BH, followed by H,O,, NaOH CéHsCHCH, 
(D) Hg(OAc),, H,O followed by NaBH, (C) О 
Cs6HsCH2CH 


8. The addition of bromine to (E)-3-hexene will 
i (D) Cs6HsCH2CH2,0H 


12. Which molecule will correctly complete the 
reaction shown? 


(A) one meso compound. 


(B) one pair of enantiomers. 
(C) two meso compounds. 


(D) four stereoisomers. 


9. What is the major product from this reaction? (iicn, 
1. Hg(OAc), НО 
O 2. NaBH, 


(C) О 


(А) CH; (B) CH; 
G » S. 
C=CH 
H H 
H 


OH 
13. What is the principal product of the reaction 


(C) OH (D) CY" sequence shown? 
CH, OH CH;—CH-CH-CH, C. 2, 
OH 


(A) 1 
10. What is the product CLh;CHCHCH;CH; 
of the reaction 
shown? 


(B) 1 
CICH;CCH;CH; 
1 


(А) OCH; (B) OH 
Ga Ck c 
о Вг о Вг 
В 


) р 
СКН) “е 
(С) l 


Br (D) r 
Das СА в 
о ОСН}; о OH CICH;CHCH;CH;CI 


Electrophilic Additions 


14. What is the major product of the Diels—Alder 17. With which reagents о 
reaction shown? can the ketone 
shown be prepared 
via a Diels—Alder 
reaction? 
Ó 
(A ) (A) [6] 
CN 
7 CH; 
+ Íl 
CN CH 
(B) Ó 
(B) о 


G 
О | 
2 2 
оо 


(С) 


о о 


+ 


reaction shown? 
< 


(А) У „CH3 (В) бн; 
1 о 
18. What is the product of the reaction shown? 
l 
H C 
(C) l (D) 3 = — — 
3 
1 


16. Which reagent Y 
will be best to у 
complete the m 


15. Which is the major H3 
kinetic product = Hd. e 
produced in the ad С 


reaction shown? 
(A) HIO, (В) KMnO,, NaOH СН» н 
(С) ВСО.Н (D) OsO,, H,0, (C) CCl; 


CH,CH,CHCH; 
(D) a mixture of (A) and (B) 
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Electrophilic Additions 


19 


20. 


MOON Un RR WN 
оосар ор Е 
м 
м 
a 


ьш юн 
»oog 


. Which is the B 
T) 
expected product of ( у ho” 


the reaction shown? 


(A) H (B) CH; 
CH; Ca, 


H H 


(C) Н; (D) (в 
Br Нз 
Н H 


Under which set of conditions is the reaction 
shown best carried out? 


(A) 6MH,SO, 

(В) 6M NaOH 

(C) heating in hexane 

(D) exposing to UV light in hexane 


21. 


Which Newman 
projection represents 
the product of the 
reaction shown? 


С Вг D Br 
e CH; H (0) CH; Н; 
H 3 H H 
Br Br 


Answers to Study Questions 


5. 


comu» 


6 
75 
8 


Answers to Practice Questions 


21.A 


Nucleophilic Addition 
at Carbonyl Groups 


The carbonyl group is polar with the electronegative oxygen atom creating a partial positive charge on the 
carbon atom. Nucleophiles are attracted to the electrophilic carbon atom. The formation of a sigma bond between 
the nucleophilic atom and the carbonyl carbon atom breaks the carbon-oxygen л bond, which localizes the л- 
bonding electrons as nonbonding electrons on the oxygen atom. The resulting alkoxide species is often referred to as 
a tetrahedral intermediate (equation 7). In protic environments, the alkoxide becomes protonated and the addition to 
the carbonyl group is complete. The ease of nucleophilic attack at the carbonyl carbon atom is subject to steric 
hindrance and electronic considerations. 


5 = 
C? T a 1 
Bet cpm epos 0 
[4 Nu Nu 
Ми 


The nucleophilic addition is catalyzed by acid. Protonation of the carbonyl oxygen atom results in an even 
more electrophilic carbon atom as suggested by the resonance structure in equation 2. Nucleophilic attack forms the 
addition product directly. 


5. Fs ЗН 
:0: ‘O° ‘O° — 'OH 
E — — ——(  — 
“См pe а о -H* С (2) 


Nu 

If the nucleophile is a weak base, and therefore a good leaving group, the nucleophilic addition is reversible. An 
equilibrium is established that reflects the relative stabilities of the carbonyl compound and the adduct. Since the 
substituents are closer together in the tetrahedral intermediate than in the starting material, steric effects may be 
important in assessing relative stabilities. In addition, the stability of the carbonyl compound is greatly affected by 
the electronic nature of the substituent attached to the carbonyl carbon atom. Electron-releasing groups diminish the 
positive charge on the carbonyl group, which is a stabilizing factor. Electron-withdrawing groups intensify the 
positive charge on the carbon atom, and destabilize the carbonyl group. 

If the nucleophile is a primary amine or a so-called derivative of ammonia (Y—NH,), the tetrahedral intermediate 
can lose water to form the carbon-nitrogen double bond of an imine. A secondary amine can lose water from the 
carbon-carbon double bond giving an enamine. 

The formation of acetals and imines can be favored by the removal of the water, which is also a product of the 
reactions. Reversing the process, acetals, imines, and enamines can be hydrolyzed back to the carbonyl compound 
using an aqueous acid solution. 

Aldehydes and ketones that are œ,ß-unsaturated may undergo either 1,2-additon or 1,4-addition with 
nucleophiles. The kinetic product results from 1,2-nucleophilic addition, while the thermodynamic product results 
from 1,4-nucleophilic addition. Strongly basic nucleophiles such as Grignard and organolithium reagents and 
complex metal hydrides generally give 1,2-additions. Weakly basic nucleophiles and organocuprates (R,CuLi) 
generally give 1,4-additions. 


Nucleophilic Addition at Carbonyl Groups 


Study Questions 


NA-1. 


Which compound exists to the greatest extent as its hydrate when dissolved in aqueous solution? 


(A) Q (B) Q 
e 00H yr 
(C) Q (D) 0 


o Q 


с г = 


Knowledge Required: (1) Mechanism of nucleophilic addition to a carbonyl group. (2) Electron-releasing 
characteristic of alkyl groups. (3) Steric factors in formation of reaction intermediate. (4) Stabilizing effect of 
conjugation. 


Thinking it Through: The nucleophilic attack by water at the carbonyl carbon atom to form the tetrahedral 
intermediate is reversible. The relative concentrations of reactants and products reflect their relative stabilities. 
Ketones have two electron-releasing groups attached to the carbonyl carbon atom and therefore, that carbon atom is 
less electrophilic than the carbonyl carbon atom of an aldehyde. In addition, the two alkyl or aryl groups of the 
ketone must come closer to each other as the tetrahedral intermediate forms. Steric repulsion between these groups 
is greater than the repulsion between one alkyl (or aryl) group and a hydrogen atom in an aldehyde. Both the 
electronic effect and the steric effect suggest that the carbonyl group of ketones is more stable than the carbonyl 
group of aldehydes, so less of the ketone adduct would be present at equilibrium. On this basis, choices (A) and 
(B) are eliminated. Of the two aldehydes shown, choice (D) is conjugated, and therefore more stable than choice 
(C), which is the correct answer. 


NA-2. Arrange the ketones in order of decreasing reactivity toward cyanohydrin formation with HCN/KCN. 


i ji R 
CH;CCH, (CH3);CHCCH; CF,CCF; 
1 2 3 


(B) 


к е с сс г = 


2>1>3 


(А) 1>2>3 (C) 3>1>2 (D) 3>2>1 


о 


Knowledge Required: (1) Mechanism of nucleophilic addition to a carbonyl group. (2) Electron-withdrawing 
characteristic of fluoroalkyl groups. (3) Steric factors in formation of reaction intermediate. 


Thinking it Through: The three structures shown are all ketones, and the reaction involves nucleophilic 
addition of HCN to the carbonyl group. Nucleophilic attack at the carbonyl carbon atom is a consequence of the 
electrophilic character of the carbonyl carbon atom. The electron-withdrawing trifluoromethyl group greatly 
increases the electrophilic character of the carbonyl carbon atom in ketone 3 relative to that of the other two 
ketones. Therefore, choices (A) and (B) are eliminated. The intermediate for ketone 2 is more sterically hindered 
than the intermediate for ketone 1, so ketone 2 should be less reactive. This gives the sequence 3 > 1 > 2 as the 
correct answer, which is choice (C). 
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Nucleophilic Addition at Carbonyl Grou 


What is the principal product of the acid-catalyzed reaction of cyclopentanone with ethylene glycol 
(HOCH;CH;OH)? 


" Oo 


(D) 
H CHOH 


Knowledge Required: (1) Mechanism of nucleophilic addition to a carbonyl group. (2) Relative rates of 
intramolecular and intermolecular reactions. 


Thinking it Through: The general mechanism of nucleophilic addition under acidic conditions begins with 
protonation of the carbonyl group, which activates it toward nucleophilic attack by the alcohol, forming a 
hemiacetal. Under acidic conditions, the hydroxyl group of the hemiacetal is protonated, and loses water to give a 
resonance-stabilized carbocation. Intramolecular nucleophilic attack by the remaining hydroxyl would lead to the 
acetal shown in choice (A). Choice (C) is an acetal, but results from intermolecular reaction of a second ethylene 
glycol with the carbocation. The intramolecular reaction proceeds much more rapidly than the intermolecular 
reaction, which eliminates choice (C). Choice (D) is not an acetal, but an enol ether that would react to form the 
resonance stabilized carbocation, then choice (A). Therefore, choice (D) is eliminated. Choice (B) contains both 
ketone and acetal functional groups, and it would not form under any conceivable reaction conditions. This leaves 


choice (A) as the only correct answer. 
im A 
CH; CH;C(OCH3); —— 


Which is the product that can be isolated from the 
reaction shown? 


(A) H3 9 (В) з 0 
СН:ОСНСН›ССН; HOCHCH;CCH; 

(C) Н, CH; (D) d Te 
HOCHCH;C(OCH3); HOCHCH;C(OH); 


еее нее ево еее ние 


Knowledge Required: (1) Structure of acetal functional group. (2) Mechanism of acid-catalyzed hydrolysis of 
acetals. (3) Stability of simple ethers to mild acidic conditions. 


Thinking it Through: Many nucleophilic addition reactions are reversible. This question deals with the reverse 
reaction of acetal formation. The reactant molecule contains both an acetyl functional group and a simple ether 
functional group. Only the acetal group is reactive under mild acidic conditions. Simple ethers require extreme 
conditions for hydrolysis. Choices (B), (C), and (D) are eliminated as possible products because each shows the 
simple ether as having been hydrolyzed. Only choice (A) is left as a possible answer. Choice (A) correctly shows 
the product of the acetal hydrolysis to be a ketone group as well as showing the simple ether as having not reacted. 
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Nucleophilic Addition at Carbonyl Groups 


What are the products of the hydrolysis reaction shown? 


о 
C HOCH;CH; 

(C) OH о 
CY & HOCH;CH + HOCH;CH;OH 


————————————————————————————————————————— 


Knowledge Required: (1) Mechanism of nucleophilic addition to a carbonyl group. @ Mechanism of acid- 
catalyzed hydrolysis of acetals. 


Thinking it Through: This is another example of the reverse reaction for nucleophilic addition. This question 
considers the reverse of the reaction in which an acetal is formed from a ketone. The first thing is to recognize that 
the cyclic compound is an acetal that could only have formed from a diol. In the hydrolysis reaction, protonation 
on one of the oxygen atomis of the acetal produces a good leaving group (an alcohol), which can dissociate to a 
resonance-stabilized carbocation. 

Nucleophilic attack on the carbocation by water then produces a hemiacetal. Subsequent protonation on the 
alkoxyl oxygen atom again produces a good leaving group, which then dissociates to the protonated carbonyl 
group. The overall result is that hydrolysis of the carbon atom bearing the two alkoxyl groups converts it to a 
carbonyl group, and the alkoxyl groups become alcohol groups. Either two alcohol molecules or a diol must be 
counted among the products. Choice (A) has the correct ketone, but only one alcohol group among the products. 
Choices (B) and (C) have the carbonyl group appearing in the wrong fragment. Choice (D) has the correct 
ketone, and there are two alcohol groups in the diol. It is the correct answer. 


Which is the product that can be isolated from the reaction 
shown? 


(A) 


pj 
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Nucleophilic Addition at Carbonyl Groups 


Knowledge Required: Mechanism of nucleophilic addition to a carbonyl group when the nucleophile is a 
primary amine (Y—NH,). 


Thinking it Through: The reaction shows an aldehyde reacting with phenylhydrazine, a primary amine, in the 
presence of an acid. Acid-catalyzed nucleophilic addition would give a species with a hydroxyl and an amine 


attached to what was the carbonyl carbon atom. Protonation of the hydroxyl and loss of water forms a resonance- 
stabilized carbocation that can lose a proton from the nitrogen atom to give a carbon-nitrogen double bond. 
Choices (A) and (C) are immediately eliminated because they do not contain a carbon-nitrogen double bond. 
Choice (B) results if the terminal М-Н bond is broken during the elimination of water, and is the correct answer. 
Choice (D) would form if the N-N bond were broken, which cannot happen under these conditions. 


What is the most reasonable structure for product of the reaction shown? 


m—————————————S———————————————————————— 


Knowledge Required: (1) Mechanism of nucleophilic addition to a carbonyl group. Q) Relative bei of 
alcohol oxygen atoms and amine nitrogen atoms as nucleophiles. 


Thinking it Through: Under acidic reaction conditions, the carbonyl group of the ketone becomes protonated. 
The nitrogen atom is an intrinsically better nucleophile (stronger base) than the oxygen atom, and preferentially 
attacks the carbonyl carbon atom, producing a hemiaminal (analogous to a hemiacetal). In analogy to the 
mechanism of acetal formation with a diol, the hemiaminal undergoes protonation of the hydroxyl group followed 
by rapid intramolecular nucleophilic attack at the carbocation by the hydroxyl oxygen atom. The product is the 
mononitrogen analogue of an acetal, and must have both a nitrogen atom and an oxygen atom directly attached to 
the carbon atom. Choice (C) is eliminated because a methylene group is shown between the carbonyl carbon atom 
and the oxygen atom. Choice (D) is eliminated because it shows initial nucleophilic attack by the hydroxyl 
oxygen atom, with no further reaction. Considering choices (A) and (B), the difference is in the linkage of the 
nitrogen atom and oxygen atom to the tertiary carbon atom. Choice (A) correctly shows the nitrogen atom directly 
connected to the tertiary carbon atom, while (B) shows the nitrogen atom connected through a methylene group. 
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NA-8. What is the product of the NaBH, reduction shown? 


OH 


л == 


Knowledge Required: Relative reactivity and selectivity of hydride reagents. 


Thinking it Through: Sodium borohydride, NaBH,, is a source of hydride ion and reduces aldehydes and 
ketones by hydride attack at the carbonyl group. In general, NaBH, does not readily reduce esters. Choice (A) 
shows the reduction of the ketone without reaction with the ester and is the correct answer. Choice (B) shows 
reduction of both the ketone and ester groups. The reaction shown in choices (C) and (D) indicates the ester 
reduction product to be an ether, which would not occur. If the reduction did occur, an alcohol would result, as in 
choice (B). Note that LiAIH, is a more reactive source of hydride and readily reduces aldehydes, ketones, esters, and 


carboxylic acids. 
ФН 
CH3CH;CHCH; 
(A) it (B) 


9 
1. CH3M NaBH, 
CH,CH,CH EGRE сньсн,бсн, — нон 


МА -9. 


Which combination would not produce the alcohol shown? 


(С) 0 1. CH3CH2MgBr a» 0 1. CH3MgBr 
СНзСН thor CH3CCH3 > 20, H* 


ПЕЕ Pease нан оон нева нин hoses teas ананан osa sess as ванна невнаанананенневоинананненевьнааани, 


Knowledge Required: (1) "Mechanism of ‘nucleophilic addition to a Simoes group. (2) Organomagnesium 
compounds (Grignard reagents) as sources of alkyl nucleophiles. (3) NaBH, as a source of nucleophilic hydride. 


Thinking it Through: A systematic approach to the synthesis of alcohols is to focus on transformation of a 
carbonyl group into the carbon atom bearing the hydroxyl. The third substituent attached to the carbon atom 
bearing the hydroxy] is introduced as the nucleophile reacting with the carbonyl group. Carbon nucleophiles can 
derive from Grignard reagents or organolithium reagents. The nucleophilic hydrogen atom can come from NaBH, 
or LiAIH,. This notion of “thinking backwards” is called retrosynthetic analysis. Mentally disconnect one of 
the substituents attached to the carbon atom bearing the hydroxyl. That substituent is the nucleophile and the 
carbon atom bearing the hydroxyl becomes the carbonyl carbon atom. In this question, however, it is necessary to 
examine each of the combinations to determine which is incorrect. The final secondary alcohol contains a methyl 
group and an ethyl group attached to the original carbonyl carbon atom. Choice (A) begins with propanal and adds 
a methyl group, so it will produce the desired 2-butanol. Choice (C) produces the same result by beginning with 
ethanal and adding an ethyl group. Choice (B) already has the correct substituents on the carbonyl carbon atom, 
and the hydride reduction converts the ketone group to an alcohol group. Choice (D) forms a tertiary alcohol (2- 
methyl-2-propanol) rather than a secondary alcohol, and is the correct answer. 
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NA-10. What is the product of the reaction sequence shown? 


(СеН;)3Р _ CyHoLi _ (o 


CH3CH3CH3Br 


(A) Mz (B) OH 
OCH;CH;CH; (X 


CH4CH;CH; 


2CH2CH3 CHCH; 


ТООЛО TI 


Knowledge Required: The formation of Wittig reagents and their reaction with aldehydes and ketones. 


Thinking it Through: The Wittig reaction is an important method for the synthesis of alkenes. The overall 
transformation converts a carbon-oxygen double bond into a carbon-carbon double bond. In a Wittig reaction, an 
aldehyde or ketone reacts with a phosphonium ylide. An ylide is a species with positive and negative charge on 
adjacent atoms. In a phosphonium ylide, a phosphorus atom is positive and a carbon atom is negative, and 
therefore nucleophilic. The ylide is formed by the deprotonation of a phosphonium salt, which is first formed by 
the reaction of a trivalent phosphorus compound with an alkyl halide. This sequence is shown below for the 
reagents in this question. 
* = + 
CH,CH;CHjB: 82 „ cu cp cp p(c4H,); LH CHyCH,CHP(C.Hs)3 
phosphonium salt phosphonium ylide 

The ylide is the nucleophile that attacks the carbonyl carbon atom of aldehydes and ketones in the key step of 
the Wittig reaction. A new carbon-carbon bond is formed that eventually becomes a carbon-carbon double bond 
with the elimination of oxygen and phosphorus. Formally, one carbon atom of the carbon-carbon double bond 
derives from the carbonyl carbon atom and the other carbon atom is from the alkyl halide to which the halogen had 
been attached. 

Choice (A) is immediately eliminated because it would require a nucleophilic attack on the carbonyl oxygen 
atom instead of the carbonyl carbon atom. Choice (B) suggests a nucleophilic attack at the carbonyl carbon atom, 
but there is no logical basis for the elimination of the phosphorus atom. Choice (C) indicates formation of an 
alkene after a nucleophilic attack, but the double bond involves the wrong carbon atom. Choice (D) would result 
from the nucleophilic attack of the carbon atom from the phosphonium ylide on the carbonyl carbon atom, 
followed by removal of the oxygen atom by triphenylphosphine, and it is the correct answer. 


NA-11. Which nucleophilic reagent, Z, will give the most 1,4-addition о 
product with methyl vinyl ketone? CH;— C-CH= CH, ais. 


Knowledge Required: The factors that control whether 1,2-addition or 1,4-addition is the major mode of 
reaction of nucleophiles with o.,8-unsaturated carbonyl compounds. 


Thinking it Through: Methyl vinyl ketone is a conjugated ketone and may undergo either 1,2-addition or 1,4- 
addition with nucleophiles. Kinetically, 1,2-additions are favored over 1,4-additions. When the nucleophile is 
strongly basic, the initial1,2-addition is irreversible and the1,2-addition product is the dominant product. However, 
when the nucleophile is less basic, the initial 1,2-addition is reversible and the thermodynamically more stable 1,4- 
addition product is the dominant product. The reagents in choices (A), (C) and (D) are strongly basic and give 
mostly 1,2-addition. The cyanide ion, in choice (B), is a much weaker base (pK, = 9 for HCN) and gives 
predominantly 1,4-addition. Choice (B) is the correct answer. 
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Practice Questions 


1. The reaction shown is classified as 4. What product is expected from this reaction? 


О 


(A) a nucleophilic substitution. 


(B) an electrophilic substitution. 
(C) anucleophilic addition. 
(D) an electrophilic addition. 


2. In which of these reactions would the addition 
of the nucleophile be expected to be reversible? 
(A) 


о 
1 NaB 
CH;CCH; -Cmok 


(B) 


О 
сн.бсн, Ai 
3CCHs —THF 

(А) СНзОСН» OH 

UR 


о 
© 9 | 
CH,CCH, -СНзМЕВг. H H 
2 
0) 9 
О 


н 
NaCN _ 
CH,CCH, XA. НСМ СН» ОСН» 
(B) HOCH, О 


3. What product is formed in the reaction shown? 
о 
П 1 : y 
CH 


ном, 
(C) HOCH; „о OCH; 
(А) о (B) OH 
CH CH-CN 
CY CH;0 OCH 
CN 
(C) о (D) CN 


76 


Nucleophilic Addition at Carbonyl Grou 


6. Which is the main product that can be isolated 
from the reaction shown? 


Que 


OCH;CH;OH 
OCH;CH;OH 
(C) О 
P 
(D) OH HO 


7. The initial stable product from the reaction of 
4-methyl-2-pentanone and excess methanol with 
H,SO, as a catalyst would be 

о CH; 


И | 
CH,—C-CH;-CH-CH; во, = 
(А) ОСН; СНз 
CH,— c- CH,—CH-CH, 
OCH; 
(B) О СН: 
CH40CH;—C- CH;- CH- CH; 
(C) Осн, CH; 
CH,—CH-CH;-CH-CH, 


8. Which compound would be most rapidly 
hydrolyzed by aqueous НСІ to give methanol as 
one of the products? 


(A) CH,OCH,CH,CH, 
(B) CH,OCH,CH,OCH, 
(C) CH,OCH,CH,OH 


(D) OCH; 
CH,CH;CH 
'OCH; 


9. Table sugar is (+)-sucrose. Which of these 
products forms as the result of enzymatic or 
acid-catalyzed test-tube hydrolysis? 


(A) CH,0H CH,0H 
HO о OH 
HO 2 + [9] 
OH он CHOH 
(B) CHOH CHOH 
HO О OH 
HO + о 
он CH20H 
(С) CH;OH СНОН 
HO Q OH 
HO E [0] 
НОон НО! СНОН 
(р) CH,0H СНОН 
но” Q он, | 99H 
HOH оң CHOH 
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10. Which is a major product of the reaction 
shown? 


( C ) CHOCH; (D) CHOH 
о о 
OCH; OH 
CH30 OH HO OCH; 
OCH; он 


11. What is the product for the reaction shown? 


АША 


1 + 
CHjCCH,CH=CH, 4 О.Н. 


(А) И 
CH4CCH;CH;CH; 


(B) OH 
CH3CHCH;CH-CH; 


(C) он 
CH4CHCH;CH;CH, 


(D) CH;CH,OH + CH3CH;CH; 


12. Which is the best reagent for this conversion? 


(A) DO, containing catalytic amounts of НСІ 


(B) NaBD, in CH,CH,OH (and an aqueous 
workup) | 


(C) NaOD in CH,CH,OD (and an aqueous 
workup) 


(D) р,0, in CH,CO,H 


13. Predict the products of the reaction shown. 


14. 


OH 
1. CH3MgBr (1 equiv.) 
О, 


о 
| И 
CH3CHCH2CH —-5, 


(A) оње 
CH4CHCH;CH 
(B) Он OH 
CH;CHCH,CHCH; 


(C) он он 
CH;CHCH;CCH; 
CH; 


©) ен. о 
СН.СНСН.СН + CH; 


What combination 
of reagents would 
not form the 
alcohol shown after 
an aqueous workup? 


(A) 


(B) 


CCH; 
OT P CH3CH2MgBr 
(C) Li о 
СУ + CH4CCH4CH; 


CH CH; 
or + CH3;CH,CHMgBr 


Nucleophilic Addition at Carbonyl Groups 


15. What is the major product of the reaction 17. Which reagent will accomplish the conversion 
shown? shown? 
D 0 
СНзСН;СН + Н>ММНСМН, — 
(А) o9 
N-C-NHNH; 
CH3CH;CH (A) CHI (B) CH;MgBr 
(B) 9 (C) CHLi (D) (CH;),CuLi 
на 18. Which ill effect the 
А ich reagent sequence will effect 
сын transformation shown? 
(C) 
N-C-NH2 
CH3CH2CH 
(D) Ш 
H;N-N—C—-NH2 
CH;CH;CH 
OH 
16. What would be the product from this reaction? (А) 1.4.3 Un tet 
(С) 2, 1,3 (D) 2,3,1 


19. What set of ketone (1) and aldehyde (2) will 
provide the same alcohol product (3) when 
submitted to the reaction conditions shown? 


Nucleophilic Addition at Carbonyl Groups 


20. What is the product of this reaction sequence? 22. Which is the major product of this reaction? 


CgH3CH;CI (СеН;)3Р (СНз)зСОК (CoHs)2C=O0 


(A) (CoHs)sCOH 


и СНзОМ 
CH;-CH-C-C4H; COLOR 


(B) Сен; a ue o» 
СН; CH;—CH-C-—C,Hs 
СН 
An (B) осн, 
(С) (C6Hs)2C=CHC6Hs5 CH;—CH-C- CH; 
(D) (C6H5) COCH2C6H5 ОСН; 
(С) OH 


i 
21. What is the product of this reaction sequence? CH2=CH-Ç-C6Hs5 


x 9 . OCH; 
(СенззРСН: Г Сыз, _CHSCCHECHCHS __ (D) 


И 
(А) СНз CH30- CH5;- CH5- C - СН; 
CH;-C-CH-CHCH; 
(B) О 
СН» SC- СН; 
(С) OH 
СНз "ce —CH-CHCH; 


4A oU tm 
»»aoaa 
о че tA 
> > wy 
— 
> 
Я 


Answers to Practice Questions 


оме Un à C м н 
O»o»»»u-o 
м 
w 
шшоошошчоос 
t2 
ма 
е! 
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Nucleophilic Substitution 
at Carbonyl Groups 


Carboxylic acids and their derivatives, acyl halides, anhydrides, esters, and amides, undergo the general reaction 
termed nucleophilic acyl substitution. The carbonyl group is polarized with the carbon atom partially positive and 
therefore, electrophilic. Nucleophiles can bond to the carbonyl carbon atom forming what is often referred to as a 
tetrahedral intermediate, because of the sp? hybridized carbon atom. The tetrahedral intermediate can reform the 
strong carbon-oxygen double bond with the loss of the leaving group Y: . The nucleophile has thus substituted for 
the leaving group at the acyl carbon atom. 


ӧ 
$ ci R С N Y 
== ROE —CK-C-^7NuU > 
RIs: Y р (1) 
oe Nu 
= tetrahedral 
Nu A. i 


Nucleophilic acyl substitution is subject to acid catalysis. Protonation of the carbonyl oxygen atom increases 
the electrophilic character of the carbonyl carbon atom as indicated by the resonance below: 


"m Bo " see Л (2) 


Nucleophilic attack on the protonated carbonyl compound forms the tetrahedral intermediate directly, which can 
then collapse with the loss of a leaving group. Under acidic conditions, protonation of a poor leaving group 
increases its tendency to dissociate. 

Although they do not involve nucleophilic addition to carbonyl groups, the similarities of nitrile chemistry and 
condensation polymers formed by repeated nucleophilic acyl substitution justify their inclusion in the problems in 
this section. 


Study Questions 


Which would be a reasonable intermediate in the mechanism for this reaction? 


О О 
li + и 
CH;—C-OCH, + H;0 -É- сн.—С-ОН + CHOH 


(А) о (В) OH — 
CH;—C-OCH; CH3—C—OCHS 


OH 
(C) 


и + 
CH3—C-OCH3 
H 
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Knowledge Required: Mechanism of the acid-catalyzed nucleophilic асу! substitution reaction that is 
characteristic of carboxylic acids and carboxylic acid derivatives. 


Thinking it Through: Acidic reaction conditions catalyze nucleophilic acy] substitution through protonation 
of the carbonyl oxygen atom. This makes the carbonyl carbon atom more electrophilic, and more susceptible to 
attack by the water nucleophile. Choice (B) would result from water attacking the protonated ester, and is the 
correct answer. Choices (A) and (D) would result from the nonprotonated ester being attacked by hydroxide ion 
and water, respectively. Choice (C) has the ester protonated on the wrong oxygen atom. | 


NC-2. What products are expected from this reaction? 


ETT ; -OH 
CH3C—'80-CHCH,CH; (R-isomer) [>= 
СНз 
он 

СНзС!80; and CH4CHCH;CH; (R-isomer) 
(В) OH 

CH;C!80,.- and CHCHCH;CH; (S-isomer) 
(C) "он 

CH3;CO7 and CH43CHCH;CH; (R-isomer) 


(D) ЗОН 


| 
СН;СО and CH3CHCH;CH; (S-isomer) 


г 


Knowledge Required: (1) Mechanism of the nucleophilic acy] substitution under basic (or neutral) conditions. 
(2) Configuration at a stereogenic center, 


Thinking it Through: The nucleophile is the hydroxide ion, which attacks the carbonyl carbon atom of the 
ester, forming a tetrahedral intermediate. The tetrahedral intermediate collapses with the dissociation of the alkoxide 
ion. Strongly basic conditions result in immediate deprotonation of the resulting carboxylic acid. The bond is 
broken between the carbonyl carbon atom and the oxygen atom of the alkoxide. The labeled oxygen atom remains 
with the alkoxide, and the configuration at the stereogenic center (chiral center) remains the same. 

Choice (A) is eliminated because the alkyl oxygen bond has been broken instead of the bond between the 
oxygen atom and the carbonyl carbon atom. Choice (D) shows the cleavage of the correct carbon-oxygen bond, 
but the configuration has been inverted. Choice (B) is chemically plausible, but would require an S,2 attack by 
hydroxide ion on the alkyl carbon atom. This is not an observed mechanism for basic hydrolysis of esters. Only 
choice (C) shows cleavage of the correct bond and retention of configuration. It is the correct answer. 


82 


Nucleophilic Substitution at Carbonyl Groups 


The order from most reactive to least reactive with aqueous ammonia is 

(A) П T > п > H 
CH3;—C-O-C-CH;  CH4—C-OCH;CH, CH3;—C-Cl 

(B) 


И > Ш > M Ш 
CH3;—C-OCH,CH; СНз—С-Я CH;-C-0-C-CH3 
(C) И > Ш > I Ш 

CH3—C-Cl CH$4—-C-OCH;CH,; СНз-С-0-Сс- СН; 


Ш > и Ш > Ш 
CH,—C-CI СНз-С-0-С-СН CH;—C-OCH,CH; 


Knowledge Required: The relative reactivity of carboxylic acid derivatives toward nucleophilic acyl 
substitution. 


Thinking it Through: In general, the relative reactivity of the carboxylic acid derivatives follows the order: 
acyl chloride > acid anhydride > ester > amide. This trend may be predicted from two considerations: (1) the extent 
of resonance delocalization and stabilization of the starting material; and (2) the basicity of the leaving group from 
the tetrahedral intermediate. For example, resonance is least important for acyl chlorides, and the СГ is the weakest 
base and thus the best leaving group. Therefore choices (A) and (B) may be eliminated because the acy] chloride is 
not listed as the most reactive. Choice (D) must be the correct answer, since it has the anhydride listed as being ` 
more reactive than the ester. 


Which would be the best reagent for this 


; т Д Ш 
conversion? CH;—C-OH —- CH;—C-O-C-CH; 


(A) Маон (В) — №50, (anhydrous) 
(C) SOĊI, (1/2 molar equivalent) 


Knowledge Required: (1) The relative reactivity of carboxylic acid derivatives. (2) Products of the reaction of 
carboxylic acids with thionyl chloride, SOCL. | 


Thinking it Through: Primarily because of the reactivity of acyl chlorides, their preparation from carboxylic 
acids and ЗОСЬ is a necessary precursor to deal with many synthesis problems. Choice (A) is a strong base and 
would simply deprotonate the acid. The carboxylate anion does not undergo nucleophilic substitution, so (A) is 
eliminated. Choice (B) is a drying agent for small amounts of water, but cannot “dehydrate” the carboxylic acid. 
This eliminates (В). In choice (0), the acetate ion cannot displace the stronger base, OH , from the carboxylic 
acid. This leaves choice (C) as the correct answer. In choice (C), conversion of half of the acid to the acid chloride 
allows the other half to provide the acetate nucleophile, and this is a reasonable synthesis of the anhydride. 


What is the best way to perform this " 
: П п 
transformation? CH3— C- OCH; —- CH3;—C-OCH?CH; 


(A) CH K 
CH3CH50H 


(C) CH3CH2MgBr H20, H* 


Nucleophilic Substitution at Carbonyl Groups 


Knowledge Required: (1) The mechanism of nucleophilic acyl substitution. (2) The reaction of esters with 
Grignard reagents. (3) The acidic nature of hydrogen atoms on a carbon atom alpha to a carbonyl group. 


Thinking it Through: The transesterification is the result of nucleophilic acyl substitution of the CH,O by a 
CH,CH,O . This is exactly the reagent encountered first in (A). The other choices are eliminated. Choice (B) 
treats the ester with the strong base, СН.О`. Deprotonation of the a-carbon atom would lead to a Claisen 


condensation. The Grignard reagent in choice (C) provides а CH,CH, nucleophile, which would attack the 
carbonyl carbon atom. Choice (D) is an imaginative sequence with several flaws. The free radical bromination 
would give a mixture of products. Formation of a Grignard would be futile since Grignard reagents react with 
esters. And finally, Grignard reagents do not couple efficiently with alkyl halides. Choice (B) suggests that 
methoxide ion will deprotonate the methoxy methyl group and the resulting carbanion will then be alkylated with 
CH,I. However, any deprotonation would occur at the much more acidic methyl group that is bonded to the 
carbonyl group. | 


Other than ethanol, what is the major product of this reaction sequence? ' 


—o———————————————————————————————————M9 


Knowledge Required: Hydride reduction of carboxylic acids and derivatives. 


Thinking it Through: Recognizing LiAlH, as a source of the nucleophilic hydride ion, H:7, allows this 
reaction to be analyzed. Nucleophilic attack by hydride ion produces a tetrahedral intermediate, which can then 
collapse with the dissociation of the less basic group originally on the carbonyl carbon atom. The resulting 
aldehyde is then reduced further to a primary alcohol. The correct answer is (A). The initially formed aldehyde is 
choice (B). Choices (C) and (D) would require an S42 displacement of an OH group, which is not observed. 


What is the product of this reaction? 


1. CH;MgBr 


| 
Cols-C-OCH; ион neutralize) 


Nucleophilic Substitution at Carbonyl Groups 


Knowledge Required: (1) Reactions of organometallic reagents with carboxylic acids and derivatives. 
(2) Relative reactivity of organometallic reagents. 


Thinking it Through: The common organometallic reagents can be viewed as containing a nucleophilic 
carbon atom. Nucleophilic attack on the carbonyl group produces a tetrahedral intermediate that can collapse with 
the dissociation of the less basic group originally on the carbonyl carbon atom. Depending on the reactivity of the 
organometallic reagent, the résulting carbonyl group may then be attacked again, leading to an alcohol after 
hydrolysis. The reaction of esters with Grignard reagents and organolithium reagents are particularly useful. The 


product is a tertiary alcohol, with two identical alkyl groups attached to the carbon atom bearing the hydroxyl 
group. A tertiary alcohol is produced because the initially formed ketone is more reactive than the ester and reacts 
with additional reagent as fast as it is formed. Regardless of the amount of Grignard or organolithium reagent used, 
a tertiary alcohol is produced; however, two moles of reagent per mole of ester must be used to obtain good yields. 
The less reactive organocuprate reagents, R,CuLi, react only with acy] halides, and not with the resulting ketone. 
The reaction of acid chlorides with organocuprate reagents is thus a useful synthesis for ketones. Choices (A), 

(B), and (C) could all be produced by the reaction of a Grignard reagent with an ester, but choices (A) and (C) are 
intermediates that will react with additional Grignard reagent to produce the tertiary alcohol in choice (B), which is 
the correct answer. Choice (D) cannot be synthesized with these reactants. 


Identify the reagent that is best suited for this 
conversion. 


(А) CH,CH,Li (B)  CH;CH,MgBr 
(C) | CH,CH,ONa (D)  (CH,CH,),CuLi 


сс 


Knowledge Required: Relative reactivities of organometallic reagents toward carbonyl compounds. 


Thinking it Through: A new carbon-carbon bond is being formed in this conversion of an acyl chloride to a 
ketone, which requires an organometallic reagent, Choice (C) may be eliminated because it is an alkoxide, not an 
organometallic reagent, and would produce an ester. The remaining three choices will all react to produce the 
ketone. However, the alkyllithium reagent in choice (A) and the Grignard reagent in choice (B) will subsequently 
react with the ketone group to yield the corresponding tertiary alcohol. This leaves choice (D) as the correct 
answer. Lithium dialkylcuprates are less reactive than alkyllithium and Grignard reagents, and will not continue to 
react with the ketone product. 


МС-9. What is the order from most reactive to least reactive for these esters towards aqueous hydroxide? 


О О 
И Ш Ш 
CH;—C-OC(CH;);  CH,-C-OCH, CF;—C-OCH; 
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НЯ 


Knowledge Required: (1) Mechanism of ester hydrolysis. (2) Electronic and steric effects on hydrolysis rates. 


Thinking it Through: All three esters undergo hydrolysis by the same mechanism: addition of hydroxide ion 
to the carbonyl carbon atom followed by expulsion of the alkoxide. Electron-withdrawing groups in the ester will 
increase the partial positive charge on the carbonyl carbon atom, making it more susceptible to nucleophilic 
attack. On the other hand, bulky groups in the ester will hinder nucleophilic attack on the carbonyl carbon atom, 
because the large groups are forced closer together in the tetrahedral intermediate. Inspection of the three esters 
reveals that the main difference between esters 2 and 3 is that ester 3 has three electron-withdrawing fluorine 
atoms. The fact that ester 3 should hydrolyze faster than ester 2 eliminates choices (B) and (D). Ester 1 contains 
a bulky tertiary butyl group and should hydrolyze more slowly than ester 2: This leaves choice (A) as the correct 
answer. 


NC-10. What is the product of this reaction sequence? CH4CH;CH,CO;H SOCL  CH;CH,OH 


(A) (B) ‚О 
CH3CH;?CH;?COCH?;CH; 


Ш 
mmu 


[0] 3 
И 
CH3COCH,CH;CH,CH; CH4CH;CH;CCH;CH; 


т ы о SSE EEESEESESERSEEEEEE EEL HPO ооо ния FO S HH HEP h hh hh nha sehn htt nnnm 


О 
П 


Knowledge Required: (1) Preparation of acyl chlorides from carboxylic acids. (2) Reactions of acyl chlorides 
with nucleophiles. 


Thinking it Through: Thionyl chloride converts the carboxylic acids into the corresponding acyl chloride. The 
acyl chloride then reacts with the ethanol to form the corresponding ester. Choices (A) and (D), which are not 
esters, may be eliminated. Both choices (B) and (C) are esters, but choice (C) has the wrong number of carbon 
atoms in the alcohol and carboxylic acid portions. Choice (B) is the correct answer. 


Practice Questions 


1. This reaction that is typical of carboxylic acids, 2. Which structure is a reasonable intermediate in 
esters, acid halides, anhydrides, and amides is the acid-catalyzed hydrolysis of ethyl acetate in 
called dilute aqueous acid? 

Q е (А) o 
R—C-CIl + H0 —-R-C-OH + НСІ CH35—C - OCH;CH5 
] 
(A) nucleophilic non-acyl substitution өн 
(В) OH 


B) nucleophilic additi | 
nq Сну C-OCH;CH; 


(C) nucleophilic acyl substitution *OH, 
(D) electrophilic substitution (C) о 
СНз—С-ОСН2СИ: 
Н 
(D) T 
CH3—Ct 


Nucleophilic Substitution at Carbonyl Groups 


3. Which would be hydrolyzed most slowly 6. With which reagent is benzoic acid readily 
with aqueous NaOH? converted into benzoyl chloride in high yield? 
(A) о 
CH4— C-NHCH; 
(B) П 
CH3;—C-OCH; 
1 
(C) о о (А) НСІ (В) SOCI, 
CH3;—C-O-C-CH; (C) Cl, (D) NaCl 
(D) О 7. Which set of products is obtained from this acid 
CH3;—C-Cl hydrolysis? 
о 
4. Using your knowledge of base strengths, predict CH,CHC —NHCH;COH p 
which of these reactions would be most likely NH 
to occur. 2 
(4) 9 о 009 (А) р 0 Q 
RCOCH; + RCO” — RCOCR + “ОСН; CH3CH2NH3 + НОСМН) +CH3;COH 
в) 0 Q (B) 9 Q 
RCOH + СГ — ВСС! + ТОН CH3CHCNH; + CH4COH 
(c) О *NH3 
вво— ) + ОСН. — (С) 
П r 
о СНЗСНСОН + H4NCH;COH 
RCOCH; + v4 ) +МН; 
О О 
(D) о о ( D ) u M " 
xe T ^ и Банн CH3CH2COH + СНзСОН + 2NH, 
ее Jine 8. What product would you isolate from these 
reactants? 


5. Which intermediate is involved in the 
mechanism of this base-promoted hydrolysis? 


(A) ос 
CH4—C- CHNH; 
(A) О | (В) ФН 
С-0-| *CH,CH; CH;—C-NHCH;CH; 
CI 
(B) О (С) NCH;CH; 
{у "OCH;CH; CH3;—C-Cl 
" (D) О 
(С) - CH;—C—NHCH,CH; 
C-OCH;CH; 
OH 
OH 


(D) 
{_У—с-осисв, 
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Nucleophilic Substitution at Carbonyl Groups 


9. Predict the product formed from this reaction: 11. Which of these 
о reactions would CH;— C —NHCH; 
produce this product? 
о CH30H (A) 
И 
CH;—C-OCH, № 
о 
(В) «ооо ma 
(A) о CH4—C-0-C-CH, —* 
COCH 
(e) D CH40H 
; CH4—C-NH; AE 
СОСН» 
ы (0) п CH3NH 
== Bt ae 
sem 12. Whatis the product 
of this reaction? 
COH 
о 
(С) HO 
O 
О (В) HOCH;CH?CH;CH;CH; 
(D) о (C) 9 
СОСН» HCCH;CH;?CH;CH;0H 
СТ (D) HOCH;CH;CH;CH;CH;OH 
CH;0H 


13. Which reaction sequence is preferred for this 
10. Whatare the products of this reaction? conversion? 


о О О 
" - u " 
CH;CNHCH;CHs ро СН.СН.СОН —= CH;CH,CCH; 


(A) _CH г H20 

(A) О _Сн;Мрвг , 
СНзСМН) + СНзСН2ОН 

(В) CHOH + NH; + СНзСН2ОН 


(В) .SOCh (CH3),CuLi 


(C) 506. сни но 
H* 


(C) 
Д] 
CH3CO~ + СНзСН,МН, (D) .SOCh, CH;MgBr, ЊО 
H* 
(D) 


TI 
CH;CNHO™ + CH3CH3 


Nucleophilic Substitution at Carbonyl Groups 


14. What is the product of this Grignard reaction? 17. What product is formed from this reaction 
О sequence? 
(CH3);CHCH;Li 1:602 
о —_1.CH3CH2MgBr 3 2. Н2О, H* 
2. Н2О, Н* (neutralize) 
(А) О 
(A) HO, ,CH;CH; (CH3);CHCH;COH 
( о (В) о 
(CH3);2CHCH;COCH;CH(CH3); 
(B) CH3CH3 CH CH3 (С) О 
i 
О (CH3)2CHCH;CH 
(D) И 
(С) Т (CH3),CHCH,OCOH 
CH3CH;5CCH;CH;CH;0H 
(D) OH 18. Which iini mine wes — 
CH4CH; С CH,CH,CH;OH prepared by condensation polymerization? 


CH;CH3 (A) о 
NH 
15. Which reaction sequence would best n 


accomplish this transformation? 


0D fee 
n 


Oo {LITA ). 
(A) .SOCh _ (CH3)NH n 


(B) _NH3_ СН (excess) (D) Yoo ON 0 A 
(C) _NaBHs _ (CHs))NH 


(D) .LiN(CH; 19. Predict the product from this reaction sequence. 
3 


16. Whatis the product of this reduction? 
сњо 


| к 
CH,CH,CH-C—NHCH; Ae HO, 


(A) CH; 
CH4CH;CHNHCH; 
(B) СНз 
CH34CH3CHCH4;OH 
(C) СНз 
CH3;CH,CHCH=NCH; 
(D) СН: 
CH;CH,CHCH,NHCH, 
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Nucleophilic Substitution at Carbonyl Groups 


20. Whatmonomers are needed to produce this 21. What is the product of this reaction? 
polymer? 


о b 
CCH;CH;COCH;CH;O 7- 


(A) 
и " 
HOCH;CH;COH + HOCH;CH;COH 
(B) CICH;COCH;CI + о 
HOCH,CH»,COCH,CH,0H (B) 


(D) О 
Ш Ш 
HOCCH;CH;COH + HOCH;CH;0H 


(C) о о СОН 
HOC- COH + HOCH;CH;CH;CH;0H 


Answers to Study Questions 


1.B 5.A 9.А 
24 © 6.А 10.B 
3.D 7. B 
4.C 8.D 
Answers to Practice Questions 
1.€ 9.B 17.A 
2.B 10.C 18.A 
3. А 11.B 19.B 
4.C 12.D 20.D 
8. C 13.B 21.A 
6.B 14.D 
7, € 15.A 
8.D 16.D 


Enols and Enolate lon Reactions 


All carbonyl compounds with at least one o--hydrogen atom are in equilibrium with their respective enol 

tautomers. At equilibrium the amount of enol tautomer is vanishingly small with the exception of B-dicarbonyl 
compounds, for which the enol tautomer may even be the dominant tautomer. The rate of interconversion of the 
tautomers is greatly accelerated by the presence of a trace of either acid or base. 

There are two “hot spots" for reactivity in aldehydes and ketones: (1) The carbonyl carbon atom is subject to 
addition reactions by nucleophiles (equation /); (2) the a-carbon atom can be deprotonated, converting it into a 
nucleophile. A hydrogen atom on an sp? carbon atom © to a carbonyl group is thirty orders of magnitude more 
acidic than a hydrogen atom on an sp? carbon atom of an ordinary hydrocarbon! Resonance, of course, provides the 
explanation (equation 2). 


Н+ U = 1 +:Nu == | 1 
“СУ “У F^ Nu (1) 
:О: :0: 
И 7 + “ОН == 2 —— С 
с-н 4 (c= M ELS c Ай (2) 
| x 


Bases such as alkoxide ions produce only small amounts of the enolates of simple carbonyl compounds, but 
bases that are significantly stronger than alkoxide ions quantitatively convert simple carbonyl Compounds into their 
enolates. LDA, [(CH,),CH],N™ Li*, and sodium hydride, NaH, are examples of strong bases that produce enolates. 

A nucleophilic a-carbon atom can be halogenated or alkylated. A halogenation is shown in equation 3. 


ii ies d NE o и (3) 


Many other examples of nucleophilic addition to the carbonyl group are provided in the Nucleophilic Addition 
at Carbonyl Groups chapter. The nucleophilic a-carbon atom of one aldehyde can attack the carbonyl carbon atom 
of another aldehyde molecule in a dimerization reaction called an aldol reaction (or aldol condensation if an 
o, B-unsaturated carbonyl compound is the product). The mechanism of the aldol condensation is shown in 
equations 4 through 6. As in the general nucleophilic additions to the carbonyl group, aldehydes are more reactive 
than ketones for both steric and electronic reasons. 


es | 2 Д б; 
C=CH-R *,,.C 
HX. HEP CHR | “~CH-CHCHR (4) 
R 
ʻO! :0: id :OH 
C. l Ho 4C. і а 
H CH-CHCH;R == H CH-CHCH2R * OH (5) 
R R 
:O: 5 :Q: 
A ANE ND. 
H^ "CH-CHCH;R H^ "C-CHCH;R + H20 (6) 
R R 


If the carbonyl-containing compound is an ester, the alcohol portion can be displaced in a nucleophilic 
substitution reaction by the a-carbon atom in a reaction called the Claisen condensation. 
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Enols and Enolate Ion Reactions 


There are many different combinations of aldehydes, ketones, esters, nitriles, nitroalkanes, and B-dicarbonyl 
compounds that undergo aldol-type or Claisen-type reactions. When confronted with a combination not previously 
seen, one can usually predict the correct product this way: First, write the formula for the anion of the component 
with the most acidic o—-hydrogen atom. Then, write the formula for the product that would form following attack 
on the carbonyl group of the other component. This second step can be either an addition reaction or a substitution 
reaction. . 

Although less nucleophilic than enolate ions, enols may act as nucleophiles towards very reactive electrophiles 
such as halogens or protonated carbonyl groups. 


Study Questions 


Consider the hydrogen atoms attached to 
three different carbon atoms (labeled 1, 2, 
and 3). Rank the attached hydrogen atoms in 
order from most acidic to least acidic. 


(A) 1»2»3 (B) 2>3>1 (C) 35251 


——————————————————————————————Ó— seese 


TN 1 
CH34—C-CH;-C-0-CH;-CH; 
1 2 


Knowledge Required: Resonance stabilization of enolate anions. 


Thinking it Through: The acidities of each of the three types of hydrogen atoms depend on the relative 
stabilities of the conjugate bases that result from removal of the proton. The stability of each conjugate base 
depends on the number of the resonance structures that can be drawn for it, and on the stability of each resonance 
structure. 

Removing a proton from carbon atom 1 yields a conjugate base with two resonance structures. 

и И о О 
CH;—C-CH;-C-OCH;CH; те СН.=С —CH;-C-OCH;CH; 

Removing a proton from carbon atom 2 yields a conjugate base with three resonance structures, so this 
hydrogen atom is more acidic than the hydrogen atom attached to carbon atom 1. Thus, choice (A) may be 
eliminated. 


о о О o 
и - и | и И 1 
CH4—C- CH-C- OCH;CH; -—- CH;—C=CH-C-OCH,CH; -—- CH;—C-CH=C-OCH,CH; 


The conjugate base formed by removing a proton from carbon atom 3 has no resonance structures, so it must 
be the least acidic of the three. This eliminates choices (B) and (C), leaving choice (D) as the correct answer. 


What would be the major product of this О СН; 


: ит 
reaction? CsH;—C-CH—CH; "OD 


D0 
(A) O CD; 


11 | | 
C,H;—C-—CH—CD; Cgdi5-C-CD-CH; 


о CH; о CD, 


п 1 
CsD;—C—-CH—CH3 CsH;—C-CD-—CD, 


Enols and Enolate Ion Reactions 


Knowledge Required: (1) The identity and acidity of hydrogen atoms œ to a carbonyl group. (2) Ability of 
a—hydrogen atoms to undergo deuterium exchange with deuterated solvents. 


| Thinking it Through: In the substrate there is only one &-hydrogen atom. This proton can be removed by the 
base, OD, leaving the resonance-stabilized enolate ion. 


О СН: О CH; О CH; 
CH, —C- CH- CH, 200. cau,- C- C- cp, 222+ c41,- C- Cp- cn, 
Deuteration of the negatively charged ot-carbon atom can only be accomplished by deuterium in the D,O 


medium. Choice (B) is the only possible correct answer, because it is the one choice that shows replacement of 
only the a—hydrogen atom with a deuterium atom. 


EE-3. 


What would be the product of this reaction? 


И ^ 
2 CH,CH;CH 475 


OH Q (B ) 11 1 
CH,CH;CHCHCH CH,CH;CCHCH 
CH; CH; 
en i 
CH;CH»CHCH,CH,CH 


(A) 


(C) (D) 


ul 
CH3CH2CHCCH?CH3 


Knowledge "ee (1) How to identify à the most acidic "eimi atoms. "m The mechanism of the aldol 
reaction. 


Thinking it Through: First, an enolate ion is formed by abstraction an &-hydrogen atom, and then the enolate 
ion attacks the carbonyl carbon atom of another aldehyde to form a new carbon-carbon bond. Protonation of the 
new oxygen anion by water gives the aldol product. This sequence will yield the atom connectivity in choice (A), 
which is the correct answer. Choice (B), a B-keto aldehyde, is incorrect because it would require the initial enolate 
ion to displace the strongly basic hydride ion from the carbonyl carbon atom of another aldehyde in a substitution 
reaction. At first glance, Choice (C) may appear reasonable because it contains an aldehyde and an alcohol 
function; but, its formation would require the abstraction of a B-hydrogen atom instead of ап o—-hydrogen atom. 
Furthermore, an aldol condensation yields a B-hydroxy carbonyl compound. The structure shown is а 

Y-hydroxy carbonyl compound. Choice (D) would require the abstraction of the hydrogen atom attached to the 
carbonyl carbon atom to produce an anion, which would then react with another aldehyde molecule. Choices (B), 
(C) and (D) are all commonly chosen wrong answers for this type of question. 


What would be the major product of this 
reaction? 


(A) "T n 
( \- C- CHCH; CH-CHCH 

(€) OH О о о 
{ у CHCH C—CH,CH 
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Enols and Enolate Ion Reactions 


Knowledge Required: (1) The identity of ше o—hydrogen atom. (2) The mechanism of the aldol reaction. 


Thinking it Through: In the present case, only the acetaldehyde has an «hydrogen atom, so it forms the 
enolate ion. Then the enolate ion adds to the carbonyl group of the benzaldehyde, producing the aldol product 
shown below. This aldol product does not match any of the choices, so something more must be involved. Recall 
that aldol products may undergo base-catalyzed dehydration to give ot -unsaturated carbonyl compounds if left in 
contact with base, especially at elevated temperature. 

OH O О 


| и = 1 
CgH,CHCH;CH 2H ¢,H,CH=CHCH 


This dehydration occurs spontaneously even at normal temperatures when the new double bond extends the 
conjugation of another 7 system (a benzene ring in this instance) with the carbonyl group. The dehydrated aldol 
shown here matches the structure in choice (B), and is the correct answer. Choice (A) would require the 
abstraction of the hydrogen atom attached to the carbonyl carbon atom of the benzaldehyde to produce an anion that 
would then add to the acetaldehyde carbonyl group. However, this hydrogen atom is much less acidic than an 
Q-hydrogen atom, eliminating choice (A). Choice (D) would require the enolaté ion to displace the strongly basic 
hydride ion from the benzaldehyde carbonyl group in a substitution reaction, so it is eliminated. Choice (C) would 
require the loss of a molecule of hydrogen instead of a molecule of water from the initial aldol adduct, which is not 
logical. 


What is the product of this reaction sequence? 
NaOCH; СНз 


0 9 
CH;CCH,COCH; 
( A ) oH О ( B ) И 1 

CH;CCH;COCH; CH4CH;CCH;COCH; 


(D ) Ш Ш 
СНзССН:СОСНСН; 


Knowledge Required: (1) Relative acidities of a—hydrogen atoms. (2) Products of alkylation of enolate carbon 
atoms. 


Thinking it Through: As discussed in the first study question, the hydrogen atoms on a carbon atom flanked 
by two carbonyl groups are the most acidic. One is removed by sodium methoxide to yield the enolate ion shown 
below. In this resonance structure, the carbon atom is negatively charged and can act as a nucleophile toward the 
СНЫ added in the second step. | 


О о о 
rot сну п п 
CH34CCHCOCH; —— CH;CCHCOCH; 
CH; 
Choice (C) matches the product formed by this sequence, and is the correct answer. Choices (B) and (D) are 
eliminated because they would require the formation of much less stable anions, followed by methylation with 


CH,I. The product of Choice (A) is eliminated because it would require the addition of a nucleophilic methyl 
anion (some type of a methyl organometallic reagent). 


Enols and Enolate Ion Reactions 


What would be the product of this reaction 
sequence? 
[(CH3),CH},NLi, -78 °C CH3I 
1,2-dimethoxyethane 


CH30, N[CH(CH3)7]; 
H 


Knowledge Required: (1) Formation of kinetic vs. thermodynamic enolate ions. (2) Alkylation of enolate ions 
with alkyl halides. 

Thinking it Through: The strong base lithium diisopropylamide, [(CH,),CH],NLi, is used to form the enolate 
of the cyclohexanone reactant quantitatively. Two enolates ions are possible. The one that is formed in this 
reaction arises from removal of the secondary hydrogen atom, which is more accessible to the bulky 
diisopropylamide base. This enolate is formed more rapidly, and the reaction is not reversible. Consequently, it is 
referred to as the kinetic enolate ion. The thermodynamic enolate ion is more stable as a result of its more highly 
substituted double bond, and is formed with weaker bases (e.g. alkoxide ions) under conditions where the kinetic 
enolate is in equilibrium with the starting ketone. The nucleophilic a-carbon atom of the kinetic enolate ion 
reacts with the methyl group, displacing iodide ion, to form choice (B). Choice (A) is eliminated because it 
would have been the product formed by alkylation of the thermodynamic enolate ion. Choice (C) is eliminated 
because its formation would require the organometallic reagent CH4Li. Choice (D) is unlikely, and is eliminated, 
because the bulkiness of diisopropylamide makes it a poor nucleophile 


TO me) 
СНз CH3 
or 


kinetic enolate thermodynamic enolate 


What would be the major product of this 


d Т 1. NaOCH;CH 
сын 2 CH3CH;COCH;CHs -Ro i ЖО, с 


(А) О О 
И 1 И il 
CH4CH,COCH;CH;,COCH;CH, CH;CH;CCHCOCH;CH; 
CH; 
n n eH " 
CH3CH2COCHCCH;CH3 CH3CH2CHCHCOCH,CH3 
CH; CH; 
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Enols and Enolate Ion Reactions 


Knowledge Required: (1) Formation of enolate ions from esters that contain a—hydrogen atoms. 
(2) Product of reaction between ester enolates ions and the carbonyl group of other esters (Claisen condensation). 


Thinking it Through: The ester reacts with NaOCH,CH; to produce a small amount of the enolate ion. This 
enolate ion is nucleophilic, just as is the enolate formed from a ketone or aldehyde, and it adds to the carbonyl 
group of another ester molecule to give a tetrahedral intermediate. Unlike the tetrahedral intermediates formed from 
the addition of nucleophiles to ketones or aldehydes, this tetrahedral intermediate has a reasonable leaving group 
(ethoxide ion) so the carbonyl group reforms, expelling ethoxide ion, to give the Claisen condensation product. 
90 2 о 
СНзСН=СОСНСНз — сн;снсоснусн, a CH,CHOOCH;CH; 
^ 
CH,CH;COCH;CH, СНЗСН:- С ОСН:СН: | CH3CH2—C 
02 o О 
The product is a В-Кею ester that immediately reacts with the expelled ethoxide ion to form a very stable 

enolate ion, which must be neutralized with aqueous acid to obtain the B-keto ester itself. The B-keto ester shown 
above is identical to that in choice (B), and is the correct answer. Choices (A) and (C) are eliminated because 
they require the formation of non-stabilized carbanions (on the B-carbon atom for (A) and on the ethoxy 
methylene carbon atom for (C)), which then attack the carbonyl group of another ester molecule. Neither 
carbanion can be generated when sodium ethoxide is the base. Choice (D) is illogical because it is the reduction 
product of choice (B), but there is no reducing agent indicated. 


EE-8. What is the expected product of this reaction? 


Knowledge Required: (1) Acid-catalyzed enolization of ketones. (2) Mechanism of acid-catalyzed 
a—halogenation of ketones. 


Thinking it Through: Ketones will undergo &—bromination with bromine in the presence of either an acid or 
a base. Choice (A) would be the result of an electrophilic aromatic substitution, which requires the presence of a 
Lewis acid catalyst, such as ЕеВг,, and is eliminated. Choices (В), (C) and (D) all involve a—bromination. 
However, choices (В) and (D) are products that would form under base-catalyzed a—bromination, which proceeds 
through an enolate ion. The acid-catalyzed reaction proceeds through the enol tautomer, so choices (B) and (D) are 
eliminated. Once the ketone has been mono—-brominated, it resists further tautomerization to the enol, and the 
monobrominated ketone can be prepared in high yield. Under basic conditions, each successive bromination 
increases the acidity of the remaining a@—hydrogen atoms, and the rate at which the ketone forms the enolate ion. 
Consequently, it is difficult to stop the reaction at the monobromination stage. Thus, choice (C) is the correct 
answer. 


1. Which base should be 


Practice Questions 


used to quantitatively 
convert this 
N,N-dimethylamide 
into its enolate ion? 


(А) О (В) LiOCH,CH, 


I 
CH;CH;CN(CH3); 


(C) LiN[CH(CH;),}, (D) LiOH 


. Which sets of hydrogen atoms in this 
compound will undergo deuterium exchange 
with CH,OD in the presence of CH,ONa? 


О о 


" и 
CH3;—CH,—C—CH,—C-OCH; 
4 3 2 1 


(A) 2 and 3 only (B) 1,2, and 3 only 
(С) 2, 3, and 4 only (D) 1 and 4 only 


. Which compound is the product of an aldol 
condensation? 
(A) n 
CH3CH;CH-CCH 
СН» 
(B) em TI 
CH34CH;CHCH;CH;CH 
(C) О 
CH3CHCCH2CH3 
OH 


(D) T 
CH4CCH;CH- CH; 


. Which set of the reagents would accomplish 
this conversion? 


и и И и 
CHSCH;OCCH;COCH;CH; — CH4CH;0CCHCOCH;CH; 


CH2CH3 
(A) NaH followed by CH,CH;OH 
(B) CH,CH,ONa followed by CH,CH,Br 
(С) NaH followed by CH,=CH, 
(D) CH,CH,OH with Н? as a catalyst 


Enols and Enolate Ion Reactions 


5. Which compound forms the greatest 


equilibrium concentration of the enol tautomer? 


(A) О О (в) О 
CH чу 
(С) О (D) о 


и 
om 


. An aldol reaction can produce an addition 
product or the dehydrated addition product 
(condensation product). What factor favors the 
formation of the dehydration product? 


т ug " 
RCH;CH ЭН. RCH;CHCHCH ог КСН:СН= ССН 
R R 
addition dehydration 
product product 
(A) excess aldehyde 
(B) excess base 


(C) no a-hydrogen atoms 


(D) stabilization by conjugation 


. Which is not true of the aldol reaction? 


(A) It accomplishes the formation of a new 
carbon-carbon bond. 


(B) The key step in the mechanism is attack 
of the a-carbon atom of an enolate ion on 
à carbonyl carbon atom. 


(C) Dehydration of the aldol product is often 
observed (an aldol condensation) 
(D) The enolate is favored at equilibrium. 
0 0 
RCH;CH + ОН ==RCHCH + Н,О 


Enols and Enolate Ion Reactions 


8. What would be the о 11. What would be the major organic product of 
major product of this CH,CH,CH,CH ЭН + ü к this base-catalyzed reaction? 
reaction? я о о 
и " 
(А) оо (CH3&4C-CH + CgHsCCH; H- 
— = v сн, сњо 
2CHs CH C= CH-C—CH 
(В) CH,CH,CH,CH,OH + CH,CH,CH,COO,- CH, 
(С) T T (B оно CH 
CH3CH;CH;CHCHCH СН С —C-C-CH 3 
CH;CH; CH, CH 
(D) On "n (C) T О СНз 
CH3CH;CH;CHCH;CH;CH;CH сензссн,-С-С-сн; 
9. Which of these is not a step in the mechanism СНз 
of the aldol reaction? (D) О OH СНз 
(А) СО CeHsCCH,CH-C-CH 
HC {CHR CH; 
H SOH 
12. Which of these reactants о 
(В) Co co can be used to make the 
HC=CHR HC-CH;R compound shown by an 
i ME intramolecular aldol m 
reaction? H3 
(O о of hon Е 
HC- CHCHCH;R si 0 D 
> : CH,CH,CCH;CH;CH;CH 
en cf 9 CH t CH;CH - 
RCH-CH HC-CHjR aaa 
о-—/ (С) О О 
CH3CH;CCH;CH;CCH; 
10. What would be the uct of this reaction? 
= @ оо о 
CH:CHLON. CH3C-CCH,CH,CH,CH 
сенн + снусньсм соя 
7 13. Which compound would not react in the 
(A) CeH;CH-CHCH;CN iodoform test to produce a yellow precipitate? 
(B) CHs (А) О 
СєН;СН= ССМ CH3CCH;CH;CH; 
(C) 9 (B) О 
CéHsCCHCN CH;CH,CCH,CH, 
CH 
е (С) о 
(р) OH CH4CH;CH;CH;CCH; 
CeH;CHCH4CH;CN 
eHsCHCH4CH;C (D) Q 
CH4CCH;OH 


14. Which of these compounds cannot undergo an 
aldol reaction in the presence of dilute base? 


(A) о (в) О 
СЄН<СН;СН (CH3)3CH 

(C) О (D) о 
(CH3);CHCH CH4CH;CH 


15. Which set of reactants, in the presence of a 
basic catalyst, could be used to prepare this 
compound? 

О 


и 
{_У—сн=сн-б-сн, 


(А) О О 
a mei 
(B) о 
С у-сн=сн-ён + CHI 
(С) О 9 
С У-& + СНзССНз 


(D) О 
CY + CH,=CH-—C-—CH3 


16. The first two steps in the base-catalyzed 
condensation of acetaldehyde would be 
described as 

(A) attack of OH on the carbonyl carbon 
atom, then loss of water. 


(B) attack of OH on the carbonyl carbon 
atom, then the resultant anion attacks the 
carbonyl carbon atom on a second 
molecule of acetaldehyde. 


(C) СОН abstracts ап o—hydrogen atom, then 
the resultant anion attacks the carbonyl 
carbon atom on a second molecule of 
acetaldehyde. 

(D) "OH abstracts the hydrogen atom from the 
carbonyl carbon atom, then the resultant 


anion attacks the carbonyl carbon atom on 
a second molecule of acetaldehyde. 


Enols and Enolate Ion Reactions 


17. Whatis the product 
of this reaction? 


Br; (excess) 
H 


A о 
a Br Br 
Br CH3 
B о 
(В) в; 
СН; 
C о 
(С) " Br 
СН» 
(D) о 
Вг СН; 


18. If this steroid tetracarboxylic acid is heated, 
which carboxyl group will be readily lost as 
carbon dioxide? 


(A) COH at C-15 
(C) СОН at C-5 


(B) COH at C-13 

(D) COH at C-2 

19. What product is expected from this reaction 
sequence? 


CH3ONa BrCH Br CH3ON 
CHXCO;CH;), Sota, Рын, CONS 


(A) ps 
СОСН; 
(B) (CH30;C);CHCH;CH;CH(CO;CH3); 
(C) CH3OCH;CH;CH(CO;CH3); 
(D) CH;—CHCH(CO;CH3); 


Enols and Enolate Ion Reactions 


20. Which represents a keto—enol tautomerization? 


m. 
CH;-C-CH; -——- CH;-C-CH; 
PE. б 
CH4- C-CH4 — СНз-С-СН: 
(С) И m 
CH4-C-CH; == CH4- CH- CH; 
(D) О OH 


Ш 1 
СНз-С-СНз === CH,=C-CH; 


21. What would be the major product of this 
reaction sequence? 


Y n 1. NaOCH;CH 
CeHsCOCH,CH3 + CH;CH;COCH;CH; зоне 
(A) О : 24. 
CeH;CCH;CH;COCH;CH; 
(B) И " 
C6HsCCHCOCH2CH3 
CH; 
(C) T T 
C9H;CCHOCCH;CH; 
CH; 
(D) OH О 
CeHsCHCHCOCH,CH; 
CH3 
22. What is the starting о о 
material that will и OCH 
yield this compound — 
upon treatment with 
CH,CH;ONa in 
CH,CH,OH? 
(A) О 9 
CH3CH;OCCH;CH;CH;COCH;CH; 
(B) о 0 
CH3CH;OCCH;CH;CH;CCH;OCH;CH; 
(C) 


" И 
CH4CH;OCCH;CH;CH;CH;CH;COCH;CH; 


©) о о 
CH4CH;OCCH;CH;CH;CH;COCH;CH; 
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23. What is the product of this reaction? 


о 
О I 


CH 
C + CH;NO, МН 


(C) 0. _cH=cHNO, 
Qr 


What is the 


product 
formed from 


this reaction? 


(A) 


Enols and Enolate Ion Reactions 


25. What is the product of this reaction? 27. What compound will be produced by this 
о reaction? 
и И .CH,ON 
CH3CH;,COCHs + СНзСНССеН; org O o О акан, 
CH3CH,COCH3 + СНОС - СОСН; 35-5 HF 
(A) 9 
чыш COCH; (A) ии п 
с=с CH30C-CCHCOCH; 
Сен; СН; СН» 
a Q D (B) "nu 
CH;CH;CCHCCéHs CH3OCCHCOCH; 
CH; СНз 
CEN жи © ор о 
CH3CH?CCH?CH?CC$Hs CH40C - CCH;CH;COCH; 
(D) Сн, О (D) О О 
CH3CH;C — CHCOCH; CH3O0CCH;CH;COCH; 
CH; СН; 
28. Which compound when O 
26. What is the treated with NaOCH, 
expected О COCH; followed by neutralization 
product of H / CH3ONa with aqueous acid will 
this CH,CH + ен, produce this B-diketone? n 
reaction? 
(A) ii 
(A ) Q И ad 
CHCH 
CH; C-CH; 
'CCH;CH о 
И lI 
о (В) o 
„ССН2сн 
CH; C-CH; 
c Ь о 
О (С) О 
( С) О € E OCH3 
COCH; 
CH;CH=C С-Сн; 
сосн, о 
О (D) o 
C- OCH 
О 3 
(D) о CX 
CH CH,—C-OCH; 
O 
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Enols and Enolate Ion Reactions 


29. Aldol condensations, even with ketones, can 30. Which of these 
occur under acid conditions where the active reactions could 
nucleophile is the enol, not the enolate ion. For be used to 
the aldol condensation shown for acetone, what prepare this 
would be the structure of the electrophilic В-Кею ester? 
species that the enol attacks? 


C-OCH; 9 


1. NaOCH; 
* CH;COCH; 2. CHCH;Br 


CH;—C-CH3 CH;—C-CH; II CT: + CH;CH,CH,COCH; TRO. H* 
(C) о (D) «o^ H 
CH;—C-CH И : | 
3 3 CH3—C-CH; C- CBRE; 0 1. NaOCH. 
ш + CH;0COCH3 zuo. H^ 


(A) I,II, and Ш (B) Тапа II only 
(С) Тапа IH only (D) Папа Ш only 


Answers to Study Questions 


1.D 4.B 7. В 
2.B £C 8.C 
3.A 6.B 
Answers to Practice Questions 

1.С 11.р 21.В 
3. À 12.B 22.D 
3.A 13.B 23.С 
4.B 14.B 24.D 
5.А 15.С 25.В 
6.D 16.C 26.C 
7.D 17.А 27.А 
8. С 18.0 28.С 
9.D 19.A 29.D 
10.B 20.D 30.А 


102 


Electrophilic and Nucleophilic 
Aromatic Substitution 


Electrophilic substitution is the most common reaction type to occur on aromatic rings. In the fundamental 
reaction an electrophile E* is generated by any of several reagents. The electrophile accepts a pair of electrons from 
the aromatic ring to generate а cyclohexadienyl cation as shown in equation 7. Rather than add a nucleophile to 
yield an addition product, the cyclohexadienyl cation loses a proton to regenerate the aromatic system. The result is 
that E* substitutes for a hydrogen atom, as shown in equation 2. This is the essence of electrophilic aromatic 


substitution. 
H H E 
9-0 ; 
H E E 
-0 ; 


Groups attached to the aromatic ring destroy the six-fold symmetry of the ring, and the incoming electrophile 
has three possible locations to substitute relative to the group. Groups attached to the aromatic ring influence both 
the reactivity of the ring and the location of attack by the electrophile. If a group reduces the electron density of the 
ring by either resonance or induction, the ring will be less reactive than benzene. Groups that increase the electron 
density of the ring by resonance or induction will be more reactive than benzene. 


G 
substitution here if G is electron donating 
substitution here if G is electron withdrawing 
substitution here if G is electron donating 


Electron-donating groups increase the electron density at the ortho and para positions more than at the meta 
position, leading electrophiles to preferentially attack those positions. For electron withdrawing groups, electron 
density is reduced more at the ortho and para position more than it is reduced at the meta position, rendering the 
meta position as the most susceptible to electrophilic attack. 

Resonance has the greatest influence on the electron density of the aromatic ring. Groups that have an atom 
with nonbonded electrons next to the aromatic ring increase the electron density, as illustrated by the generalized 
resonance forms shown in equation 3. Methoxybenzene is an example of such a compound. They are more reactive 


than benzene, and are ortho/para directors. 
:G +G 
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Electrophilic and Nucleophilic Aromatic Substitution 


Groups that have a multiple bond to an atom more electronegative than carbon reduce the electron density, as 
illustrated by the generalized resonance forms shown in equation 4. Benzoic acid is an example of such a compound. 
They are less reactive than benzene, and are meta directors. 


XS Bue 


Although the electrophilic aromatic substitution mechanism is the most common reaction type for aromatic 
systems, aromatic rings will react with nucleophiles under some conditions. Two distinct pathways for nucleophilic 
aromatic substitution include addition-elimination and elimination—addition. 

In the addition-elimination mechanism, the aromatic ring first accepts a pair of electrons from a nucleophile to 
form an anionic intermediate. This is possible only when the aromatic ring is substituted with strong electron- 
withdrawing groups, such as nitro (-NO,) groups, which stabilize the anion through resonance. Formation of the 
anion is followed by elimination of a ay leaving group, as is shown in equation 5. 


CI) № cr № 

8" 35 (5) 
nt nt 
= 0“ Nso => o^ Yo. T o М 


Hydride ion (H^) is an extremely poor leaving group; therefore, the nucleophile must add at the site of а good 
leaving group. Often this is a halogen such as F, Cl, Br or I. 

In the elimination-addition mechanism, a strong base initiates an elimination to form a highly reactive 
benzyne, which rapidly undergoes nucleophilic addition (equation 6). 


X) -NH NH; NH; 
Уй * Е (6) 


In summary, aromatic systems that undergo nucleophilic aromatic substitution have a good leaving group and 
one or more electron withdrawing groups ortho or para to that leaving group. As the number of electron- 
withdrawing groups attached to the ring increases, reactivity toward nucleophiles increases. The 
elimination-addition mechanism is not as common as the addition-elimination mechanism because a strongly basic 
nucleophile (such as amide ion, NH;), a good leaving group (usually a halogen), and at least one ortho hydrogen 
atom are all three required. An important difference between these two nucleophilic substitution mechanisms is the 
site of attachment of the nucleophile. For the addition-elimination pathway, the nucleophile becomes attached at 
the site bearing the leaving group. However, for the elimination-addition pathway, the nucleophile may become 
attached either at the site bearing the leaving group or at the site bearing the ortho hydrogen atom. 
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Study Questions 


AS-1. What type of reaction is this? 


(A) nucleophilic substitution (B) electrophilic substitution 
(C) nucleophilic addition (D) electrophilic addition 


Knowledge Required: (1) Definition of addition and substitution reactions. (2) Definitions of electrophiles and 
nucleophiles. (3) That FeBr, can accept an electron pair, acting as a Lewis acid. 


Thinking it Through: In the reaction, a hydrogen atom on benzene is indicated as being replaced by a bromine 
atom, which makes it a substitution reaction. Choices (C) and (D) are thus eliminated. FeBr, is a Lewis acid and 
can coordinate with Br, to form a complex that can act as a source of Br*. Br* does not have a complete octet of 
electrons, and is powerful electrophile. 


:Br: 
m m I- € .. 
FeBr3 + :Br—Br: — :Br—Fe—Br—Br: 
: Br: 


‘Br: ‘Br: 


T l = .. .. ee bm o .. 
‘Br—Fe—Br—Br: == :Br-Fe-Br: * Br: 
Br: ‘Br: 


Br* accepts а pair of electrons from the aromatic ring to form the cyclohexadienyl cation, which subsequently 
loses a hydrogen atom to form the substitution product. 


H 
*Br: [or Br;Fe—Br —Br] + Q oni ФЕ + FeBrg- 
Н 
Вг 
Cn + FeBrg>7 — СТ + FeBr3 + HBr 


Choice (B) must be the correct answer. This is an electrophilic substitution reaction. 


AS-2. Which substituent would be classified as an activating ortho/para director in an electrophilic aromatic 
substitution reaction? 
(A) о (B) i (C) 
—C- OH —O-C-CH3 
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Electrophilic and Nucleophilic Aromatic Substitution 


Knowledge Required: (1) How to draw resonance structures. (2) Inductive effect of groups. (3) The rate- 
limiting step in an electrophilic aromatic substitution reaction. 


Thinking it Through: The rate-limiting step in electrophilic aromatic substitution reactions is the addition of 
the electrophile (E*) to the aromatic ring. Any group that increases the electron density of the aromatic ring by 
resonance will increase the reactivity of the ring, or be an activating group. Any group that reduces the electron 
density of the ring by resonance or induction will act as a deactivating group. The carboxyl group withdraws 
electron density from the aromatic ring by pulling the electrons toward the carbonyl oxygen atom through 


resonance forms such as II below. 
[e] о 
cy E er» 
I n 


Choice (A) is eliminated because the carboxyl group deactivates the ring. The acetoxy group, choice (B) 
would donate electrons to the aromatic ring through resonance forms such as IV. It is a weakly activating group 
because the electrons on the oxygen atom are also delocalized toward the carbonyl group through resonance forms 
such as V. Choice (B) is a better answer than choice (A), but we must still consider whether choices (C) or (D) 
are stronger activating groups. 


+. D 


gy- ene Е Су di 
О. О. © Ры 
ш 


IV У 


The chlorine atom, choice (С), poses an interesting problem. Considering resonance, it should be an 
activating group because the electron pairs on the chlorine atom can be delocalized into the aromatic ring through 
resonance forms such as structure УП. Structure VII resembles structure ГУ for the ester, but there is an 
important difference. Oxygen and carbon, both second row elements, have atoms of about the same size. Chlorine, 
a third row element, has significantly larger atoms. The consequence is that VII contributes less to the structure of 
chlorobenzene than ТУ contributes to phenyl acetate, making choice (С) less likely than choice (В). 


Cl: Cl: 
У УП 


Before ruling out choice (С), we must have to consider one other phenomenon—induction. Chlorine is more 
electronegative than hydrogen and will reduce the electron density of the aromatic ring. Induction should make 
chlorine a deactivating group, further decreasing the likelihood of choice (C). On the other hand, oxygen is more 
electronegative than hydrogen. Considering induction, the acetoxy group, choice (B), should also be electron 
withdrawing and act as a deactivating group. The question is whether resonance or induction dominates. The answer 
is that induction is more important when the group is a chlorine atom, and resonance is more important when 
considering an acetoxy group. An oxygen atom bonded directly the aromatic ring turns out to be a net electron 
donating group, and behaves as an activating group in electrophilic aromatic substitution reactions. A chlorine 
atom bonded directly to an aromatic ring is a mild deactivating group. The ammonium group —NH,", choice (D), 
has neither an unshared pair of electrons nor an empty orbital, so it cannot interact with the aromatic ring by 
resonance. Its only influence on the electron density of the ring is by induction. Since nitrogen is more 
electronegative than hydrogen, ammonium is a deactivating group, eliminating choice (D). 


+ 


e 


УШ 
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Electrophilic and Nucleophilic Aromatic Substitution 


AS-3. Which structure represents a major intermediate in the bromination of nitrobenzene? 


Knowledge Required: (1) How to draw resonance structures for nitrobenzene. (2) That electrophiles are electron 
deficient. (3) That electrophiles will attack the aromatic ring at its point of greatest electron density. 


Thinking it Through: In bromination reactions, Br* is the electrophile. The cation is electron deficient, with 
six valence electrons. Br* will accept a pair of electrons from the aromatic system to yield a cyclohexadienyl cation 
intermediate. Choices (B) and (D) cannot be correct because both anions would result from the attack on the 
aromatic ring by Вг”, bromide ion. Given that the Br* ion will attack the aromatic ring at its highest electron 
density, the question is whether the meta position or the para position has the highest electron density. 
Considering the three resonance structures for nitrobenzene, it is clear that the electron density of the ring is 
removed more from the ortho and para positions, leaving the highest electron density at the meta position. Choice 
(A) must be the correct answer. 


Arrange in order of decreasing reactivity 
(fastest to slowest) towards HNOJH,SO,. 


(A) HII»IV»II 5I (B) I»1II 5 IV» III 
(C) IV »I» II» III (D) IV » Il» I» Ш 


———————————Ó——MÉÁÓÁP €: 


Knowledge Required: (1) How to draw resonance structures. (2) How the inductive effect of groups affects 
reactivity. (3) That electrophiles will attack the aromatic ring at its point of greatest electron density. 


Thinking it Through: A good approach is to use benzene as the reference compound, and to 

compare the reactivity of the other compounds to benzene. The reactivity will depend on how the 

groups attached influence the electron density of the aromatic ring relative to benzene. If the group 

increases the electron density of the ring, the compound will be more reactive than benzene. 

However, if the group decreases the electron density of the ring relative to benzene, the compound 

will be less reactive than benzene. Considering benzoic acid (Ш) first, the carbonyl group of the у 
benzoic acid withdraws electron density from the ring through resonance forms such as V. This 

would indicate that benzoic acid should be less reactive than benzene. Therefore, structure I must be more reactive 
than structure III. Only choice (A) is eliminated. 


107 


Electrophilic and Nucleophilic Aromatic Substitution 


For toluene (IV), the -CH, group is a mild electron-donating group. This electron donating 
ability is usually attributed to hyperconjugation forms such as VI. The hyperconjugation form 
VI increases the electron density in the ring relative to benzene, and should make toluene more 
reactive than benzene. Therefore, structure IV must be more reactive than structure I. Choice (B) 
is eliminated. To choose between choices (C) and (D), it is necessary to determine whether 
structure II is more or less reactive than benzene, structure I. Two attributes of a bromine atom 
attached to an aromatic ring must be considered: (1) the resonance effect, and (2) the inductive 
effect. The resonance effect would indicate that bromine should be an electron-donating group 
thanks to contributions of resonance forms such as VII-IX, and, thus, would be more reactive than benzene. On 
the other hand, the electronegativity of bromine is greater than carbon and a bromine atom should withdraw 
electron density from the ring by induction, which would make the ring less reactive than benzene. Resonance is 
less important when atoms significantly larger than carbon atoms are involved; consequently structures VII-IX 
contribute little to increasing electron density in the ring. The inductive, electron-withdrawing effect predominates 
with regard to reactivity. Benzene (structure I) is more reactive than bromobenzene (structure П), so choice (D) 
cannot be correct. This leaves choice (C) as the correct answer. è 


:Br* :Вг* ‘Bre 
vil Vill IX 


The electrophilic aromatic substitution reaction is exothermic. Which potential energy reaction 
diagram best describes the three steps in this reaction? 


VI 


ES - 
1. Bro + АІВгз == Br—Br —AlBra 


H 
+ - 
2. Br—Br—AlBr; + Q = ФЕ + АІВг;- 
H 
Br 
4. С» + АВ == CY + HBr + AIBr3 


(A) (B) 
T 
i 


Progress of reaction > Progress of reaction > 


(C) (D) 


Progress of reaction > 


Energy > 


Energy > 


Progress of reaction > 
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Electrophilic and Nucleophilic Aromatic Substitution 


Knowledge Required: (1) Relationship between activation energy and rates of reaction. (2) That the slow step 
in electrophilic aromatic substitution is the addition of the electrophile to the aromatic ring. (3) The connection 
between exothermic reactions and potential energy of reactants and products. 


Thinking it Through: The reaction is exothermic, indicating the products are more stable than the reactants. 
This eliminates choices (B) and (C), because they represent endothermic reactions. In choice (A), the second step 
is rate determining because this step is represented as having the highest potential energy. In choice (D), the third 
step is represented as having the highest potential energy, so it would be rate determining. In most electrophilic 
aromatic substitution reactions the rate of the reaction depends on the rate of addition of the electrophile to the 
aromatic ring, which is the second step. Consequently, choice (A) the correct answer. 


AS-6. What would be the major product of this reaction? 


+ CH;CH,CH,Br 1813, 


CH(CH3); CH;CH4CH; 
CH; СН; 


CH(CH3) CH;CH;CH; 


Knowledge Required: (1) Directing effect of a methyl substituent. (2) The mechanism of the Friedel-Craft 
reaction. (3) Carbocation rearrangement and carbocation stability. 


Thinking it Through: The methyl group is a mild electron-donating group in an electrophilic aromatic 
substitution reaction. This is important, because the Friedel-Crafts alkylation reaction does not occur on aromatic 
rings less reactive than chlorobenzene. Toluene is reactive enough for the reaction to occur. As an electron-donating 
group, the methyl group would be ortho/para directing. Consequently, choices (C) and (D) are eliminated. The 
Friedel-Crafts alkylation is believed to involve a carbocation intermediate (or a species that resembles a 
carbocation). The 1-bromopropane initially forms the complex I with the Lewis Acid, АІВг,, which then 
dissociates to yield the carbocation. Since secondary carbocations are more stable than primary carbocations, the 
secondary carbocation, structure II, would be the alkylating species. Choice (A) is the correct answer. 


ES - 
AIBr3 + CH4CH;CH3Br ==> CH3CH,CH2—Br -АІВгз 
I 


+ =- = 
CH3CH;CH;- Br -AIBr; == СНзСНСН: + АІВгц 
I п 


Electrophilic and Nucleophilic Aromatic Substitution 


What is the major product of this reaction? 


Knowledge Required: (1) Directing effect of a carboxylic acid substituent. (2) The mechanism of the nitration 
reaction. 

Thinking it Through: In the nitration reaction, the electrophile is NO,*. This electrophile is generated from 
nitric acid and concentrated sulfuric acid. The sulfuric acid protonates the nitric acid to yield structure I, which then 
loses water to form the NO,*, structure II. The point of equilibrium for each of these two reactions is to the left. 
However, once water is formed, it is protonated by concentrated sulfuric acid to form H4O*. The point of 


equilibrium for the protonation reaction is far to the right, which draws all the other equilibria to the right. The 
mixture of HNOJH,SO, is a good source of the electrophile МО“. 


Ш 
a N НИ + HSO, 
осо 


HNO; + H250; ==. 


With the electrophile being NO,*, choice (B) cannot be correct. The problem now is to determine the directing 
effect of the carboxyl group. Resonance structures Ш-У indicate that the carboxyl group should reduce the electron 
density at the ortho and para positions more than at the meta position. Since the highest electron density on the 
ring is at the meta position, the electrophile will attack there, making choice (D) the correct answer. 


“Ө 6H *0. ӨН -0 


5-6-6 
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Electrophilic and Nucleophilic Aromatic Substitution 


Which would be the major product of this reaction? 


Knowledge Required: (1) Directing effect of alkyl and methoxy substituents. (2) The relative activating ability 
of the two groups. 


Thinking it Through: The reaction conditions (Br,/Fe) are those for the generation of Br* in an electrophilic 
aromatic substitution reaction. Choice (A) can be immediately eliminated because it would be the expected product 
for the free radical substitution reaction on the starting material. For choice (A) to form, Br, and a free radical 
initiator such as AIBN or UV light would be necessary. When considering electrophilic substitution on an aromatic 
ring having multiple substituents, the directing effect is dominated by the group that activates the ring the most. 
The ethyl group is a mild activating group. On the other hand, the methoxy group can activate the ring by 
resonance, and behaves as a strong activating group. Resonance structures I-III show how the electron density 
would be increased at the positions ortho and para to the methoxy group. 


"eres "erm lio > 
I п 


Three possible products could be imagined each coming from the electrophile, Br*, adding to the positions 
represented by I-III. Choice (D) is eliminated because the Вг would have to attack meta to the methoxy group. 
Both choices (B) and (C) with the bromine attached ortho to the methoxy group, are possible. However, putting 
the large bromine atom between two substituent groups in the structure in choice (B) is less likely than the less 
strained position of the structure in choice (C). Choice (C) is therefore the best answer. Another likely product, 


structure IV, was not given as a choice. 


ш ма 
Br 


IV 
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Electrophilic and Nucleophilic Aromatic Substitution 


For the reaction shown, the rate of reaction 
when X = Cl is about the same as that when 
X = Br. Based on this information, which 
statement represents a valid deduction 
concerning the mechanism of this reaction? 


(A) This is a one-step displacement reaction. 

(B) The С-Х bond is broken in the rate-determining step. 
(C) The С-Х bond is broken after the rate-determining step. 
(D) The reaction proceeds via a benzyne intermediate. 


——————————————————————————————————————————————————— E 


Knowledge Required: (1) An understanding of the factors that influence reaction rates. (2) The structure of 
benzyne and how it is formed. 


Thinking it Through: This reaction is classified as a nucleophilic aromatic substitution reaction. A 
nucleophile, СН.СН,О`, displaces СГ or Вг”. Usually, aromatic systems react with electrophiles rather than 
nucleophiles, because the aromatic т electron system has high electron density. In this case, two factors facilitate 
nucleophilic substitution: (1) Three electron-withdrawing nitro groups attached to the ring decrease its electron 
density, and (2) Cl and Br are good leaving groups. They are also in a favorable position to leave. (Ortho or para 
positions relative to the nitro groups have the lowest electron density.) Choice (D) can be eliminated immediately 
because there must be at least one hydrogen atom ortho to the leaving group for benzyne to form. 

The rate of reaction depends on the activation energy of a reaction. The energy of the transition state will be 
influenced by the bonds that are being broken and formed in the transition state. If a bond is not involved in the 
highest energy transition state, the making or breaking of that bond will not influence the rate of the reaction. The 
problem states that the rate of the reaction is the same for both X = Cl and X = Br, indicating that the C-X bond is 
not involved in the rate-determining step. Consequently, choices (A) and (B) are eliminated. This leaves choice 
(C) as the only possible correct answer. The nucleophile must add first in the rate-determining step, and this slow 
step is followed by a rapid loss of X. 


-OCH,CH; 


X^) OCH;CH; OCH;CH; 


ON NO; ON NO; 
fast 
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Electrophilic and Nucleophilic Aromatic Substitution 


What would be the major product of this reaction? 


т С ЕС: 


Knowledge Required: (1) That 2,4-dinitrofluorobenzene, Sanger’s Reagent, readily undergoes nucleophilic 
aromatic substitution, and is used for end-group analysis in peptide chemistry. (2) Relative base strengths of amine 
nitrogen atoms and amide nitrogen atoms. 


Thinking it Through: Sanger’s Reagent, 2,4-dinitrofluorobenzene, is a classic reagent for nucleophilic 
aromatic substitution. The two nitro groups withdraw electron density from the aromatic ring to make the ring 
reactive toward nucleophiles, and the fluorine atom withdraws electron density toward it through induction, which 
accentuates the reactivity to nucleophiles at that position. Choice (C) can be eliminated because this product could 
only be formed by the loss of a hydride, Н”. Choice (A) can also be eliminated because the leaving group would 
have to be nitrite, NO,, and the -NH, nucleophile would not attack the aromatic ring at the position where the 
—МО, is attached. The most likely point of attack is at the carbon atom carrying the fluorine atom. Choices (В) 
and (D) both would form as the result of nucleophilic attack at the carbon atom attached to fluorine. The problem 
is to decide which nitrogen atom is most nucleophilic. The electron pair on the amine nitrogen atom is localized 
on the nitrogen atom and is very available to act as a base or nucleophile. The electron pair on the amide nitrogen 
atom is delocalized toward the carbonyl group through resonance such as in structure I. This delocalization reduces 
the base strength and nucleophilicity of this nitrogen atom. The terminal amine will be the one to react with the 
2,4-dinitrofluorobenzene, leading to choice (B) as the correct answer. 


вй. Agnon -- ий. Ay A гон 
но н О 
1 


When a protein is treated with Sanger’s Reagent, all the terminal amino groups react with the reagent. The protein 
can then be hydrolyzed to the amino acids and those that contain the dinitrophenyl group can be identified. This 
information allows one to know which amino acids are at the end of the protein chain. 
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Electrophilic and Nucleophilic Aromatic Substitution 


AS-11. In addition to the product indicated, what other 
compound is expected to be formed in the reaction? 


NaNH; 
м 
liquid NH; 


Knowledge Required: (1) Conditions necessary for the formation of benzynes. (2) Mechanism for reactions that 
proceed through a benzyne intermediate. 


Thinking it Through: Aryl halides that are not activated by electron-withdrawing groups towards nucleophilic 
substitution via an addition-elimination mechanism will undergo nucleophilic substitution via an 
elimination—addition mechanism when treated with strong bases. The elimination of HX yields a highly reactive 
benzyne intermediate that rapidly undergoes nucleophilic addition. The nucleophile can attack either carbon atom of 
the benzyne triple bond. Thus, substituted benzynes can give rise to two addition products. Choices (A) and (C) 
are eliminated because they still contain the chlorine atom. Choice (В) is also eliminated because it could not 
possibly be formed from the benzyne (I) produced in the reaction. This leaves choice (D) as the only possible 
answer. The choice (D) product would be formed by NH, attacking the carbon atom of the triple bond that is meta 
to the -CH, group. 


CH; 


Practice Questions 
1. Which substituents would G 2. Which structure represents a major intermediate 
deactivate benzene toward СТ in the nitration of toluene? 
electrophilic aromatic 
substitution reactions? (A) СН; (B) CH; 
H H 
NO, NO, 
(C) СН; (р) СН; 
(A) I, II, III (В) Тапа И only 
(С) II only (D) Тапа Ш only 
ом н ON н 
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Electrophilic and Nucleo 


3. What would be CH,CH,CH;CHCI 
: CH;CH;CH;CH;Cl 
the major product AIC 
of this reaction? 


(A) CH3;CH3;CH;CH4 
(B) CH34CHCH;CH; 


(C) С(СН3)з 


(D)  CH;CH(CH3) 


. Which set of reagents would most likely bring 
about this transformation? 


(A) Br, with FeBr, 
(B) Br, in CCl, 

(C) Br, with UV light 
(D) NaBr with H,SO, 


. Which sequence of reagents would produce 
propylbenzene from benzene? 


(A) Q 

1. CH4CH;CCI, AICI, 

Q 2. Zn(Hg), conc. НСІ 

(B) Q CH4CH;CH;CI, АІС, 
(C) 1. Br, FeBr, 

2. CH3CH;CH;MgBr 
(D) 1. Ch, FeCl; 

2. CH3CH=CH, AICI; 
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ilic Aromatic Substitution 


6. Which position will be attacked most rapidly 
by the nitronium ion (NO;*) when the 
compound undergoes nitration with 
HNO,/H,SO,? 


(A) a (B) b (С) с (D) d 


. Which description is most applicable to the 


mechanism of this reaction? 


(A) It takes place in one step with no ionic 
intermediates. 


(B) It takes place in two steps; elimination, 
then addition. 


(C) It takes place in two steps; addition, then 
elimination. 


(D) It takes place in three steps and involves а 
carbocation intermediate. 


. For the nitration of bromobenzene with 


HNO,/H,SO,, which intermediate is used to 
explain why halogens are ortho/para directors? 


Electrophilic and Nucleophilic Aromatic Substitution 


9. Which statement best 11. What is the expected product of this reaction? 


describes why anisole QCH; 
brominates faster than 
i 9 СІ 

СНзОМа 


anisole 


1 molar equivalent 


(A) The inductive effect of the methoxy group 
stabilizes of the cationic intermediate. 


(B) The inductive effect of the methoxy group (A) CI 
stabilizes the anionic intermediate. ом CI 


(C) The resonance effect of the methoxy group 
stabilizes the cationic intermediate. 


(D) The resonance effect of the methoxy group OCH; 
stabilizes the anionic intermediate. 
(B) GL. 
10. Which aryl chloride reacts the fastest with ON OCH; 
NaOH? © 
(A) а 
NO; 
(C) OCH; 
ON CI 
(B) CI 
NO; 
ОМ NO 
* (р) cl 
(C) С ON Ci 
ОСН; 
NO; 
NO; 
(D) Cl 
NO, 
NO, 
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Electrophilic and Nucleophilic Aromatic Substitution 


15. Which of these reactions would produce 
tert-butylbenzene in high yield? 


13. Which sequence of 
reactions is expected to 
give the best yield of 
3-nitrobenzoic acid? 


3-nitrobenzoic acid 


(A) CH;Cl_ К›С10, H30* 
(pros Sig segnes 
(B) * 
C 2-95 касо», H30 HNO;, 80, 
(C) + 
C 2-95 HNO, H250, касо», H30 


D) Е K2Cr207, H30% _NaNO2, HCl , (А) 1,2, 3, аа 4 (В) 1, 2, and 3 only 
heat °С 
(C) land2only (Р) 1,3, and 4 only 


14. Whatis the major product of this reaction? 
о 


ОО 

“О 
"OO 

" 04-0 
(D) Cs -«Q 
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Electrophilic and Nucleophilic Aromatic ‘Substitution 


cur 


<<A0 


MoM © 


mmo 


еч сео 


AVAVA 


ILI —I 


Free-Radical Substitutions 
and Additions 


Free radicals (often just called “radicals”) are species such as С! or CH,* that have an unpaired electron. 
Radicals are electron-deficient because they do not have a full octet of electrons, and they are usually highly reactive. 
Radicals are neutral, meaning that they have no formal charge. Reactions involving ions (5,1, E2, etc.) require a 
solvent to dissolve the ionic species, but because radicals are electrically neutral, a solvent is not necessary. Many 
radical reactions, such as the reaction of ССЬЕ, with ozone, take place in the gas phase. 

There are two general types of free-radical reactions in organic chemistry: substitution and addition. The 
halogenation of a hydrocarbon with chlorine is an example of a free-radical substitution reaction (equations /a—/b). 


Cle + CH, > CH, + НСІ (la) 


СН,• + Cl, > СН. + Cle (1b) 

Two free-radical addition reactions often discussed in undergraduate organic chemistry are the addition of HBr to 
alkenes in the presence of peroxides, and the polymerization of alkenes or dienes. These reactions can be carried out 
in solution or in the gas phase, and the reactions can be initiated by heat, peroxides, or ultraviolet (UV) light. 

All radical reactions are chain reactions. That is, the reaction proceeds in a series of discrete steps. Regardless of 
whether the reaction is substitution or addition, radical reactions proceed through three general steps. The first step, 
initiation, generates radicals. Propagation, the second step, involves a radical reacting with a stable molecule 
to produce a new radical. The new radical reacts in turn with another stable molecule to produce yet another radical, 
and so on. The last step, termination, destroys radicals and stops the reaction. In a typical radical reaction, each 
radical takes part in hundreds or thousands of propagation steps before it is destroyed in a termination step. 

The energy required for the generation of organic radicals reflects their relative stability. The most stable 
radicals require the least energy to form, and they are generated most rapidly. The stability of radicals generally 
increases with increasing substitution on the carbon atom that carries the unpaired electron. Allylic and benzylic 
radicals are easy to generate because they are stabilized through resonance. Resonance forms of an allylic radical are 
illustrated in equation 2. 

* CH;- CH- CH; ++ CH;Z CH- CH5* (2) 

The general trend in stability for organic radicals is: 

allylic/benzylic > 3? alkyl > 2° alkyl > 1? alkyl > methyl > vinylic/aryl 

A reaction usually involves radicals if any of these reactants or conditions are present: AIBN (a radical 

initiator), peroxides (RO-OR), UV light (often indicated by the symbol Av) or high temperature (300—500 °C). 


Study Questions 
FR-1. In which classification is this reaction properly placed? CH, + Сі, 400°C CHsCI + НСІ 


(A) electrophilic substitution (B) electrophilic addition 
(C) elimination (D) free-radical substitution 


Knowledge Required: Identification of reaction types. 


Thinking it Through: Examination of the reaction equation shows it to be a substitution reaction, and the 
reaction takes place at high temperature. Methane and molecular chlorine are gases under these conditions. 
Recognition that the reaction is a substitution reaction allows choices (B) and (C) to be discarded immediately. 
Electrophilic substitution, choice (A), involves the formation of ions in the course of the reaction. Ions are 
difficult to form in the gas phase, and electrophilic substitutions almost all require a solvent. Free radicals, on the 
other hand, do not require a solvent because they are uncharged, and are typically formed in the gas phase. The use 
of high temperatures is an additional clue that a free-radical mechanism is likely. Choice (D) is the best answer. 
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Free-Radical Substitutions and Additions 
FR-2. Which of the indicated sites would most readily undergo hydrogen 


atom abstraction to generate a radical? 


(А) 1 (B) 2 (C) 3 


Я 


Knowledge Required: Relative stability of different types of radicals. 


Thinking it Through: The hydrogen atom that is most easily abstracted will be determined by which of the 
possible radical intermediates is most stable. It is necessary to recall that generation of an allylic radical is favored 
over generation of any alkyl (methyl, 1°, 2°, 3°) radical, and that substitution stabilizes alkyl radicals. Methyl 
radicals are the least stable, and tertiary alkyls are the most stable. 

Considering the molecule in this problem, removal of a hydrogen atom from carbon atom 1 will produce a 
primary radical. Removal of a hydrogen atom from carbon atom 2 will generate a tertiary radical that is also 
allylic. Removal of a hydrogen atom from carbon atom 3 will generate a tertiary radical. Finally, removal of a 
hydrogen atom from carbon atom 4 will give rise to a primary radical which is also allylic. 

Given that allylic radicals are more stable than any alkyl radicals (which also means that homolytic breaking 
of the C—H bond to produce them requires less energy), the correct answer must be either choice (B) or (D). 
Choices (A) and (C) cannot be correct because these give rise to ordinary alkyl radicals. The decision between 
choice (B) and (D) is made based on the extent to which the carbon atom carrying the radical is substituted. Since 
removal of the hydrogen atom at 2 forms a tertiary allylic radical, while removal of a hydrogen atom at 4 forms a 
primary allylic radical, choice (B) is the best answer. It is easier to remove a tertiary allylic hydrogen atom than it 
is to remove a primary allylic hydrogen atom. 


FR-3. 


Which radical is the most stable? 
* CH; СН; (С) СН; (0) 


„О „© „о „д 


и и еее еее иене шшш 


Knowledge Required: Relative stability of various radical structures. 


Thinking it Through: This problem is best approached by first classifying each of the radicals in terms of 
substitution (1°, 2°, 3°, etc.) and whether the radical is alkyl or allylic. Choice (A) is a primary alkyl radical. 
Choice (B) is a tertiary alkyl radical. Choice (C) is a secondary allylic radical. Choice (D) is a tertiary allylic 
radical. Recall that allylic radicals are more stable than alkyl radicals, so choices (A) and (B) can be eliminated 
because they are alkyl radicals. The remaining choices are a secondary allylic radical(choice (C)) and a tertiary 
allylic radical (choice (D)). The stability of allylic radicals follows the same trend as alkyl radicals (3° allylic is 
more stable than 2° allylic, and so on). Choice (D) is both tertiary and allylic, and is the best answer. 
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Free-Radical Substitutions and Additions 


Each of these reactions occurs during the free-radical chlorination of methane. Which step corresponds 
to the first propagation step of the reaction? 


(A) < —2c-. (B)  CI**CI*— С—С] 
(C)  CI* * CH, — CHs* +HCI (D) СН, *Cl; — CH&CI + CI* 


К = 


Knowledge Required: Mechanism of free-radical halogenation reactions. 


Thinking it Through: Recalling that free-radical reactions take place in three general steps—initiation (radicals 
generated); propagation (radicals reacting with neutral molecules to generate new radicals); and termination (radicals 
destroyed)—the choices can be analyzed to determine which equation represents the first radical generated reacting 
with a neutral molecule. Choice (A) is incorrect because this equation is for an initiation step. Radicals are being 
formed from neutral molecules. Choice (B) can be eliminated because it is the equation for a termination step. 
Radicals are recombining to form a neutral molecule. Only choices (C) and (D) involve the reaction of a radical 
and a neutral molecule to produce a new radical, which is the requirement for a propagation step. The question asks 
for the first propagation step, which requires that the first radical formed appear on the reactant side of the equation. 
Since Cle is the first radical formed, choice (C) must be the correct answer. The products of the first propagation 
reaction are CH,* + НСІ, and the methyl radical reacts with Cl, in the second propagation step. 


What is the expected stereochemistry of the 
organic product from this reaction? 


(R)-isomer 


(S)-isomer only 
(R)-isomer only 
equal amounts of (R)-isomer and (5)-іѕотег 


unequal amounts of (R)-isomer and (S)-isomer 


Т С Т 


Knowledge Required: (1) Mechanism of free-radical substitution. (2) Stereochemical aspects of reactions 
involving radicals. 


Thinking it Through: This reaction is a free-radical substitution in which a benzylic hydrogen atom is replaced 
by a chlorine atom. The starting material is a single enantiomer, and the initiation step involves generation of 
chlorine radicals. A benzylic hydrogen atom is abstracted from the starting material, leading to the radical shown 
below. Typical radicals—including benzylic radicals—are planar because the radical carbon atom is sp?-hybridized. 
The radical has a plane of symmetry, which makes it achiral. 


OK 


When this achiral radical reacts with CL, the chlorine can attack from either face of the radical with equal 
probability. Attack on one face leads to one enantiomer and attack on the other face leads to the other enantiomer, 
consequently equal amounts of the (R)- and the (S)-products will be formed. Racemization occurs because the 
reaction proceeds through an achiral radical. Choices (A) and (B) can be eliminated because they imply complete 
inversion and retention, respectively, neither of which is consistent with formation of an achiral intermediate. 
Choice (D) is also incorrect because this response implies that only partial racemization takes place. Choice (C) 
is the correct answer. 
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Free-Radical Substitutions and Additions 


FR-6 What is the expected product of this reaction? 


(B) (C) CHCH; (р) 


CH;CH3Br 


Knowledge Required: Selectivity of bromine in free-radical halogenation reactions. 


Thinking it Through: A good way to approach this problem is to determine which type of hydrogen atom is 
being replaced in each choice. In products (A) and (B), a secondary alkyl hydrogen atom is replaced. The product 
in choice (C) has a primary alkyl hydrogen atom being replaced, while the product in choice (D) is formed by the 
replacement of a tertiary alkyl hydrogen atom. 
In free-radical bromination reactions, the reaction 
R—H + Br: — К. + HBr 


is usually endothermic. The Bre tends to be quite selective in its reactions, usually abstracting the hydrogen atom 
that has the weakest С-Н bond. Given the choices of a primary, secondary, or tertiary hydrogen atom to be 
abstracted, the tertiary alkyl hydrogen atom is the most easily abstracted. Thus, choice (D) is the correct answer. 
The other choices indicate replacement of less easily abstracted hydrogen atoms. 


FR-7 Which reagent would be used to carry out this CH3CH;CH; CHBrCH;CHs; 
transformation? 


(A)  Br,FeBr, (B) HBr, H,O (C) Bn, H,O 


Knowledge Required: Reagents used for free-radical halogenation of alkylbenzenes. 


Thinking it Through: In the reaction, propylbenzene is brominated at the benzylic position, which requires 
free-radical conditions. Choice (A) is incorrect because these reagents are used to brominate aromatic rings by 
electrophilic substitution. The use of these reagents with propylbenzene would result in the formation of ortho and 
para brominated propylbenzene, neither of which is the desired product. The reagents in choice (B) will not react 
with the starting material, so this choice cannot be correct. Bromine and water are used to form halohydrins from 
alkenes. The starting material is not an alkene, and no reaction would occur, eliminating choice (C). Bromine and 
light (choice (D)) can be used to brominate alkanes by a free-radical mechanism. The free-radical bromination of 
alkylbenzenes leads to substitution at the benzylic position, which is what is indicated in this case. Therefore, 
choice (D) is the correct answer. 
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Free-Radical Substitutions and Additions 


If radical Y is extremely regioselective in the reaction, which 
reaction coordinate diagram would be most appropriate? 


MA 


reaction coordinate > reaction coordinate — 


R—H + Y* — К. + НРУ 


energy — 
energy > 


reaction coordinate > reaction coordinate > 


К = 


Knowledge Required: (1) Interpretation of energy diagrams. (2) The Hammond postulate and the reactivity- 
selectivity principle. 


Thinking it Through: The hydrogen-abstraction reaction may be exothermic or endothermic. For a highly 
exothermic reaction with a low E, (the diagram in choice (C), for example), the transition state energy lies close 
to the energy of the reactants. Conversely, for a highly endothermic reaction with a high E, (as in the diagram in 
choice (A)), the transition state energy lies close to the energy of the products. These statements are often called 
the Hammond postulate. The product of the present reaction is a carbon radical. The transition state energy in the 
choice (C) diagram resembles the energy of the reactants, and has very little alkyl radical character. This means 
that alkyl radical stability has practically no effect on the transition-state energy diagram, and that reactions that 
correspond to the choice (C) diagram should exhibit very little regioselectivity. The transition state energy in the 
choice (A) diagram resembles the product energy, and has a significant amount of alkyl radical character. Thus, 
alkyl radical stability should greatly affect the transition-state energy, and reactions that correspond to diagram (A) 
should exhibit high regioselectivity. Thus, choice (A) appears to be the best answer. Because diagrams (B) and 
(D) are neither highly exothermic nor endothermic, their transition state energies should have alkyl radical 
character that is intermediate between that for the diagrams of choices (A) and (C). Thus, reactions corresponding 
to the diagrams of choices (B) and (D) would be more regioselective than those that correspond to the diagram of 
choice (C), but less regioselective than those that corresponding to the diagram of choice (A). A generalization of 
the above is the "reactivity-selectivity principle,” which states that highly reactive species are nonselective in their 
reactions and relatively non-reactive species are very selective in their reactions. This holds because the reactions of 
highly reactive species are exothermic, whereas the reactions of relatively non-reactive species are endothermic. 


Free-Radical Substitutions and Additions 


Which numbered bond would undergo homolytic cleavage CH; CH; 
most readily when this molecule is heated to extremely Mt mm ae TO 
high temperatures? СН; | CH a CH; | CH3 


(A) 1 (B) 2 (C) 3 


————————M————— 


Knowledge Required: Relative stabilities of various types of alkyl radicals. 


Thinking it Through: The heating of molecules to extremely high temperatures is called pyrolysis. A typical 
pyrolysis reaction is the cleavage of o bonds to give radicals. As one might expect, cleavage typically occurs first 
at the weakest bond(s) in a molecule. In this example, there are several bonds that could be broken. The best way 
to choose the most likely bond to be broken is to compare the stabilities of the radicals that would form from each 
cleavage reaction. In choice (A), a methyl radical and a secondary radical would form. Cleavage of the bond in 
choice (B) would lead to the formation of two secondary radicals. Choice (C) would give a secondary radical and a 
primary radical. The cleavage of the bond in choice (D) would lead to the formation of a primary radical and a 
methyl radical. 

Recalling that the trend in the stability of alkyl radicals, from most to least stable, is tertiary, secondary, 
primary, and methyl. When considering the radicals that could be formed by pyrolysis of the above molecule, 
forming secondary radicals is preferable to forming primary or methyl radicals, and choice (B) forms two secondary 
radicals. It is the best answer because each of the other choices forms at least one primary or methyl radical. None 
of the choices form a tertiary radical. 


FR-10 Which is the reactive intermediate when 1-octene is treated with HBr in the presence of peroxides? 


(A) — CgHi5- CH- CH; (B)  CgHi;— CH- CHBr 
: Вг, 
(С) СНз СН: CH; (D)  CgH;i53—CH- CH; 


Сс у л т 


Knowledge Required: Mechanism of reaction of alkenes with HBr plus peroxides. 


Thinking it Through: The reactions of alkenes with HBr in the presence of peroxides are free-radical addition 
reactions that proceed through intermediate carbon radicals. What must be determined here are (1) whether the 
carbon radical is formed by the attack of a hydrogen radical or a bromine radical on the л bond, and (2) whether the 
attack occurs at С-1 or С-2 of the alkene. Regardless of which free radical initially attacks the л bond, the site 
undergoing the attack will be the one that produces the more stable carbon radical. Attack at С-1 would produce а 
secondary radical, whereas attack at C-2 would produce a primary radical. Thus, attack will occur at С-1 and 
choices (C) and (D) are eliminated. To decide between choices (A) and (B), we need to know whether the attack 
is initiated by a hydrogen radical or a bromine radical. In the mechanism as summarized below, the peroxide first 
fragments into two oxygen radicals, which then abstract a hydrogen atom from the HBr to generate a bromine 
radical. Thus, a bromine radical attacks the 7t bond, not a hydrogen radical. Therefore choice (В) is the correct 
answer. 


RO-OR —- RO* + *OR 
КО, + Н-Вг — RO-H + Bre 


Propagation: 


СНз CH-CH, + Вг. — C4H;4— CH- CH;-Br 


CgH;5—CH- CH;-Br + H—Br — CéHi4— CH;- CH;-Br + Вг: 
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Free-Radical Substitutions and Additions 


Free-radical polymerization of 2-chloro-1,3-butadiene would produce CH5—CCI-CH- CH; 
what polymer? 1 2 3 4 
2-chloro-1,3-butadiene 


(A) c (B) Я 
CH-C-CH-CH CH;—CH-CH-CH 
n n 
c (D) c 
CH;—CH- CH?- CH; CH;—-C-CH-CH 
n n 


К = 


Knowledge Required: (1) Mechanism of addition polymerization. Q) Product of 1,3-diene polymerization. 


Thinking it Through: Polymers are composed of repeating units derived from monomer subunits. In free- 
radical polymerization, a radical reacts with an alkene or diene to produce a new, larger radical. This new radical 
then reacts with another molecule of alkene or diene to produce a still larger radical, and so on. In the 
polymerization of 1,3-dienes, bonds are formed between С-1 of one monomer unit to C-4 of another monomer, 
and the repeating unit of the polymer has the same four-carbon-atom chain as the starting material. The two double 
bonds become single bonds in this process, and a double bond forms between С-2 and C-3. 

In the monomer, С-1 carries two hydrogen atoms, C—2 carries one chlorine atom, С-З carries one hydrogen 
atom, and С-4 carries two hydrogen atoms. That pattern must be repeated in the polymer. The only product that 
matches this is choice (D), the correct answer. Choice (A) is eliminated because the repeating unit of the polymer 
has two fewer hydrogen atoms than the monomer. Choice (B) shows an extra hydrogen atom on C-2 and only one 
hydrogen atom on C-4. Choice (C) is eliminated because the repeating unit has two extra hydrogen atoms. 


FR-12 Which of these polymerization reactions takes place by means of a free-radical process? 


(A) о о о 
И и H HH 
HO-C-CH;CH;-C-OH + HOCH;CH;OH 128%. C CH,CH;—C- OCH;CH;0 
n 


(B) OH OH 


H H2 


H n 


(C) СвН5 
Сен; –СН=СН, 507 peroride, сн-сн,-- 


o» 0 0 о 0 
CI-C—(CH24-C-CI + HoN-(CH;)g-NH; 09. 4C—(CHj),—C-NH—(CH2) -NH1- 
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Free-Radical Substitutions and Additions 


Knowledge Required: (1) Recognition of various types of polymerization reactions. (2) Difference between 
addition polymers and condensation polymers. 


.| Thinking it Through: И is important to remember that there are two main types of polymerization reactions: 
addition polymerization (sometimes called chain-reaction polymerization); and condensation polymerization 
(sometimes called step-reaction polymerization). Addition polymers give a polymer with a repeating unit that has 
the same chemical formula as the monomer, and the reactions typically proceed by way of a highly reactive 
species, such as a free radical or carbocation. Condensation polymers are formed by the reaction of two functional 
groups to link monomer units, accompanied by the formation of a small molecule such as water or HCl. The 
reaction proceeds in discrete steps to give a polymer, and the reacting molecules must each have more than one 
reactive site. Condensation polymers do not involve free radical intermediates. Free-radical polymerization reactions 
produce only addition polymers. 

Each of the four reactions represented here is a polymerization reaction, but only one involves radicals. Since 
condensation polymerization never involves radicals, each choice that is a condensation polymerization can be 
eliminated. The polymer in choice (A) is eliminated because it is a condensation polymer, a polyester, that forms 
from repeated reactions between alcohol and carboxylic acid groups. Two molecules of water are lost per repeating 
unit. Choice (B) is eliminated because it shows the formation of another condensation polymer, a phenol- 
formaldehyde resin (Bakelite is an example). Polymerization has occurred with the loss of one molecule of water 
per repeating unit. The reaction given in choice (C) is the formation of polystyrene. The repeating unit in 
polystyrene has the same molecular formula as the styrene monomer. This is an addition polymer, and is the 
correct answer. This answer is supported by the presence of peroxides, which are often found in free-radical 
reactions. Choice (D) is incorrect because it represents a condensation polymerization that produces nylon. Two 
molecules of НСІ are eliminated for every repeating unit formed. 


Practice Questions 


1. Which radical is the least stable? 3. Which is a propagation step in the free-radical 
auc 4 
(A) CH;CH; (B)  CH,CH, chlorination of ethane? 
С) Су (А) CH3CH2 + СНзСНз—СНзСН: + CH,CH, 
(B) CH3CH2 + CH4CH;— CH3CH7CH»CH3 


(C)  CH;CH; (D) *CHCH; . . 
(C) CH3CH; + Cl — CH3CH;CI 
СУ G (D) CHCH; + Cl; — CH3CH;CI + Cl 
2. Which species represents an intermediate formed 4. What is a key intermediate in the following 
during the reaction shown? reaction? 


CH,CH;CH; 22. CH,CHCICH, + НСІ er CY » 
әш 


° - 
(А) CH;CHCH; (В) CH;CHCH; 


_ (А) Вг (В) s 
(С) CH;CHCH; (D) CH3CH-CH; CX 
(C) CX (D) od 
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Free-Radical Substitutions and Additions 
5. What is the 7. Which reaction 


expected product 


of this reaction? 


(A) | CH2CH2CH3 
CH3Br 

(B ) CH3CH;CH3Br 
СН» 

(C) CHBrCH,CH, 
СН» 

(D)  CH;CHBrCH; 
CH; 


. Which reaction gives ап | CH4— CH—CH3Br 

efficient synthesis of CH; 

1-bromo-2- 

methylpropane? 

(A) CH;-CH-CH; 
CH; 

(B) CH3—CH- СНОН 
CH; 

(C) CH3—C=CH) 
CH3 


Bo iv, 


HBr 


HBr 
peroxides 


(D) CH3—C=CH2 pryccy 
CH3 
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R—H + Y* — В. + H-Y 
coordinate 


diagram represents the reaction shown in which 
radical Y is very nonregioselective? 


(A) 


energy э 


reaction coordinate > 


(B) 


energy — 


reaction coordinate — 


(C) 


energy > 


reaction coordinate — 


(D) 


energy > 


reaction coordinate > 


. Which alkane- 
alkene pair would 
be formed by a 
disproportionation reaction of the two radicals 
produced by the most energetically favored 
homolytic bond cleavage in the molecule 
shown? 


(A) 


с 
СН. and CH2=C—CH(CH3)2 


(В) CH; and (CH3)2C=C(CH3)2 
(C) СНзСН,СН; and CH;— CHCH, 
(D) CH; ава CH4CH-CHCH; 


Free-Radical Substitutions and Additions 


9. The copolymerization of vinyl chloride and 11. Which is the CH,=CH-CH, 
vinylidine chloride by free radical catalysis correct 


produces a polymer used in food wrap. Which representation of the polymer formed by free- 
structural unit would appear in this polymer? radical polymerization of this monomer? 
(A) CH;—CH-CH-CH, 
CH; CH; n 
(A) аа (B) ey 
CH;-C-C-CH, CH;  CHy, 
Cl H 
n (C) теге 
(В) Cl cl CH; CH;/, 
CH;-C-CH;-C 
бу, (0) a | 
= с а CH; CH;/, 
D 12. What product is formed in this reaction? 
" CH;-CHCN “#802, 
(n  /Cl cl 
C-CH-CH-C (A) 
H с, CH=C 
10. At which of the 2 3 4 (B) 
indicated positions | ,  СН2-СН2-СНз ms 
would the bromine 
radical react at the (C) NC 
fastest rate? 


n 


(4)1 (В) 2 (C)3 (D) 4 CN 
(D) NC-CH-CH-CH-CH-CN 


Answers to Study Questions 


1. D 5. C 9. B 
2. B 6. D 10.B 
3. D 7. D 11.D 
4. С 8. А 12.С 
Answers to Practice Questions 
1. B 5. С 9. В 
2. А 6. С 10.B 
3. D 7. В 11.0 
4. А 8. С 12.B 
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Oxidations and Reductions 


Many reactions in organic chemistry are classified as oxidation-reduction reactions. Oxidation can be defined as 
increasing the oxygen content and/or decreasing the hydrogen content of a compound. Reduction is simply the 
converse of oxidation (decreasing the oxygen content and/or increasing the hydrogen content of a compound). If a 
reaction occurs in which the numbers of hydrogen and oxygen atoms change in a manner corresponding to the net 
addition or net elimination of water, it is neither an oxidation nor a reduction reaction. The dehydration of an 
alcohol is one such example. Hydration of an alkene is another. 

Converting an alcohol such as ethanol (CH,CH,OH) to ethanal (CH4CHO) is oxidation because the hydrogen 
atom count has been decreased. Converting ethanal to ethanoic acid (CH4COOH) is also oxidation, because the 
oxygen atom count has been increased. The reverse of each of these steps is reduction. Other examples of reduction 
are hydrogenation of a double or triple bond. 

Many different reagents for oxidation and reduction reactions are used in organic chemistry. This variety is 
potentially confusing, but many of these reagents behave in similar ways. Some reagents react only in specific 
circumstances, which makes it easier to recall when they are used. | 

The most widely used oxidizing agents are chromium(VI) reagents (CrO,, К,Сг,О,, and K,CrO,) and a 
manganese(VII) reagent (KMnO,). The chromium(VI) reagents are normally used under acidic conditions, where all 
are converted into the same active oxidant, chromic acid (H,CrO,). Potassium permanganate, on the other hand, is 
normally used under basic conditions. Chromic acid and hot, basic permanganate are potent oxidizers and usually do 
not stop until all of the hydrogen atoms attached to the carbon atoms undergoing oxidation have been removed. 
However, it is possible to stop at the aldehyde stage in the oxidation of primary alcohols by the use of anhydrous 
chromium(VI) reagents. The anhydrous chromium(VI) reagents most commonly used are: chromium 
trioxide-pyridine complex (СгО.—2 pyridine), pyridinium chlorochromate (PCC) and pyridinium dichromate (PDC). 
All three are readily soluble in organic solvents, and the latter two are conveniently available as stable solids. 
Regardless of which one is used, they all perform the same function. 

Hot chromic acid and hot, basic permanganate react with alkenes, alkynes and alkylbenzenes to give oxidative 
cleavage products. With alkylbenzenes, the oxidation occurs at the benzylic carbon atom, but only when it has one 
or more benzylic hydrogen atoms, to produce benzoic acids. Other oxidative cleavage reactions are the cleavage of 
vicinal diols by periodic acid (HIO,), the cleavage of alkenes by ozone, and the cleavage of methyl ketones by 
alkaline solutions of the halogens (haloform reaction). Cold, alkaline permanganate, osmium tetroxide and peroxy 
acids react with alkenes and alkynes to give oxidative addition products. 

Reductions of carbonyl compounds are usually performed with complex metal hydrides, reductions of alkenes 
are performed with catalytic hydrogenation, and reductions of alkynes are performed with either catalytic 
hydrogenation or alkali metals in ammonia (dissolving metal reductions). Selective reduction of one of these 
functions in the presence of the others is often possible with the proper choice of reducing agent. Several special 
reactions are available for the reduction of C=O groups of aldehydes and ketones all the way to CH, groups. These 
are the Clemmensen reduction, the Wolff-Kischner reduction and the desulfuration of thiol acetals and ketals by 
Raney nickel. 
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Study Questions 


OR-1. Which reagent would be best for 
. carrying out this transformation? 


(A)  KOH(aqy/heat 
(C) ШАН, 


Knowledge Required: Reagents used to oxidize alcohols. 


Thinking it Through: To solve this problem, examine the transformation that is taking place. Here, two 
secondary alcohol groups are being converted into ketone groups. Next, examine the reagents to be considered. 
Aqueous KOH and heat is not an oxidizing agent, so choice (A) is incorrect. Choice (B) gives the reagents that 
make up the oxidizing agent chromic acid. This reagent converts primary alcohols to carboxylic acids and secondary 
alcohols to ketones. This is the correct answer. Choice (C) is incorrect because lithium aluminum hydride 
(LiAlH,) is a reducing agent, not an oxidizing agent. Choice (D) is incorrect because hot, aqueous acid is not an 
oxidizing agent. 


OR-2. Which reagent would be best for carrying out this transformation? 
qu u 
CH2,=CHCH,-CH-CH;3 —> CH?— CHCH;- C - CH5 


(A) KMnO,, ОН (B) Н.О*, heat 


(D) и \ + » 
( М-Н CrO,CF (PCC) 


Knowledge Required: (1) Reactivity of alkenes with oxidizing agents. (2) Reactivity of alcohols with 
oxidizing agents. 


Thinking it Through: The starting material contains a secondary alcohol and an alkene. The correct answer 
should be the one that specifically affects the alcohol group and does not react with the alkene group at all. To 
solve this problem, look at each reagent and recall which functional groups it affects. Choice (A), alkaline 
KMnO,, reacts with secondary alcohols to give ketones, but it also reacts rapidly with double bonds. Therefore, 
choice (A) can be eliminated. Choice (B), aqueous acid and heat, can also be eliminated because it is not an 
oxidizing agent, although it can initiate other reactions with alkenes and alcohols. Choice (C), periodic acid 
(HIO,), reacts with alcohols only when they are 1,2-diols or alpha to a carbonyl group and results in oxidative 
cleavage of the carbon-carbon bond. Thus, choice (C) can be rejected. Choice (D) is pyridinium chlorochromate 
(PCC), which converts primary alcohols to aldehydes, and secondary alcohols to ketones, but it does not affect 
carbon-carbon double (or triple) bonds. This is the correct answer. 
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Which reagent will best accomplish this 
transformation? 


( A ) NaBH, (B ) K,Cr,0,(aq), H,SO,, A 


(C) KMn0O,(aq), А (D) / \ + 
М-Н СтО.СГ (PCC) 


К EE 


Knowledge Required: Oxidation of primary alcohols to aldehydes. 


Thinking it Through: In this reaction, a primary alcohol is being oxidized to an aldehyde. It is necessary to 
know how each of the reagents will affect primary alcohols. The reagent in choice (A), NaBH,, is a reducing 
agent. Therefore, this cannot be the correct answer. Choice (B), K,Cr,0, + H,SO,, oxidizes primary alcohols to 
carboxylic acids. (An aldehyde intermediate is formed, but it cannot be isolated because it immediately undergoes 
further oxidation to give the carboxylic acid.) Thus, choice (B) is not corréct. Choice (C), hot KMnO,, also 
oxidizes primary alcohols to carboxylic acids (via an aldehyde intermediate), so this is not the correct answer either. 
The remaining choice, (D), is the correct answer. Note that PCC is one of the few reagents that will oxidize 
primary alcohols to aldehydes. This is a very useful reaction to know. 


Which reagents would best accomplish this О о 
ion? I И 
transformation? CH; C-cH, CH; С-он 
С=С, — С=С, 
СН» СН» СН» CH3 


(A) K5Cr;O;(aq) + H,SO, (B) basic KMnO,, then neutralization 
(C) L, KOH, then neutralization (D) | P,OJH;PO, (polyphosphoric acid) 


иное hn ESOL n heh a Has nns ники ssa ss ha ns has sh оне ss ons hn hn hes nn nan na ntn n tnn наи ну nn n nnn nnn nnn 


Knowledge Required: How to oxidize ketones to carboxylic acids. 


Thinking it Through: This transformation may seem unusual because a ketone is being converted to a 
carboxylic acid and the product has one fewer carbon atoms than the starting material. 

Choice (A) is incorrect because chromic acid does not oxidize ketones, but can oxidize carbon-carbon double 
bonds. Choice (B) can be rejected because permanganate reacts rapidly with carbon-carbon double bonds to give 
either vicinal diols or oxidative cleavage products. Polyphosphoric acid, choice (D), is not an oxidizing agent. It is 
often used in dehydration reactions. Choice (C) is the correct answer because these reagents are used for the 
haloform reaction, which converts methyl ketones into carboxylic acids. Treatment of a methyl ketone with 
alkaline L, Вг,, or bleach (NaOCI), followed by neutralization, gives the carboxylic acid plus CHI,, CHBr, or 
CHCI, (depending on which halogen is present in the reagent). 
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When the compound shown is subjected to vigorous oxidization with 
КМпО., followed by neutralization, what is the product? 


Knowledge Required: Reactivity of KMnO, with alkenes. 


Thinking it Through: The oxidation of alkenes with KMnO, is well known. The double bond is cleaved, 
giving carbonyl compounds. For terminal alkenes, the =CH, group is oxidized to CO,. For monosubstituted 
carbon atoms (=CHR), the carbon atom is oxidized to a carboxylic acid (R-COOH). Disubstituted carbon atoms 
(=CRR_’) are oxidized to ketones (R-CO-R’). Since the double bond is cleaved, two separate molecules are formed 
if the double bond is part of a chain. If the double bond is part of a ring, the ring is broken. 

The starting material in this exercise is a bicyclic alkene. KMnO,will react with the alkene to cleave one ring. 
The five-membered ring on the left will remain intact. The carbon atoms that make up the right-hand ring and the 
methyl group will be substituents on the remaining five-membered ring. It is possible to reject choice (B) because 
a six-membered ring cannot be the result of this reaction. 

To determine the nature and arrangement of the groups on the ring, examine the substitution pattern of the 
double bond. The vinyl carbon atom bearing a hydrogen atom will form a carboxylic acid. The vinyl carbon atom 
with the methyl group will form a ketone. Choice (A) can be eliminated because this choice has two carboxylic 
acid groups present. To distinguish between the remaining two choices, it is necessary to determine the relative 
position of the two groups. Because the substituted carbon atoms (the bridgehead carbon atoms in the starting 
material) have a CH, group between them, the substituted carbon atoms in the product will also have a CH, group 
between them. This required 1,3-relationship between the substituents clearly makes choice (D) the correct answer. 
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Treatment of the diene shown with excess 
ozone followed by a reductive work-up 


produces 


(A ) 1 

CH; CH2-C, à 
С=С 

CH; CH;CH;- С —CH3 


CH; o о о 


` И i 7 
С=О + CH3—C-CH?-CH;-C-CH?-C 
CH; H 


————————————————————— 


Knowledge Required: How ozone reacts with alkenes. 


Thinking it Through: After reductive work-up, cleavage of alkenes with ozone results in the formation of 
aldehydes and ketones. The vinyl carbon atom in terminal alkenes (=СН,) is oxidized to formaldehyde, H,C=O. A 
vinyl carbon atom with one substituent (CHR) is converted to an aldehyde (R-CHO). A disubstituted vinyl 
carbon atom (=CRR’) is oxidized to a ketone (R-CO-R ^). Cleavage of an acyclic alkene results in formation of 
two molecules. Cleavage of a cyclic alkene gives an acyclic product. A convenient way to remember how ozone 
cleaves double bonds is to imagine stretching the C=C bond and mentally replace the “C=C” with “C=O О=С”. 
Drawing out the starting material, erasing the double bond, then drawing in two carbonyl groups works well. 

The starting terpene has two double bonds, one as part of a ring and one that is exocyclic (sticking out of a 
ring). If the double bonds are redrawn as carbonyl groups, these structures result: 


These bonds H 
are cleaved. | 


CH; A г. CH; `o 
ск Yon, — c=0+0 о 
CH; C. 


Two products are formed because the exocyclic double bond is cleaved. Further, the ring is broken into a chain. 
Notice that no alkene groups remain in the products. The substituents on the carbon atoms remain unchanged. 
Choice (A) can be eliminated because it does not give two products as expected and because the product contains 
an alkene group. Excess ozone would have reacted with the alkene group. This compound is what would result 
from incomplete ozonolysis, but the question stated that there was excess ozone, so the alkene group would have 
been cleaved. Choice (B) has two products, one of which is the required acetone, but the other compound formed 
would not be formed from ozonlysis of a cyclohexene system. The ring would be broken. Therefore (B) is not the 
correct answer. Choice (C) is also incorrect because one of the products contains a double bond. The correct aiswer 
is (D), and inspection of the above figure shows that the projected products match those in (D). 
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OR-7. Which diol is cleaved by periodic acid, HIO;? 
(A) OH 


OH 


Knowledge Required: Reactivity of diols with periodic acid. 


Thinking it Through: Periodic acid cleaves the carbon-carbon bond of alpha-hydroxy aldehydes, and ketones, 
alpha dicarbonyl compounds and 1,2-diols in which the OH groups can achieve a cisoid conformation. (The 
mechanism of cleavage involves a five-member intermediate and this five-member intermediate cannot be made 
with a trans-1,2-diol.) 

Choice (A) is a 1,2-diol, but the hydroxyl groups are trans. Therefore, this cannot be the correct answer. 
Choice (B) contains a cis-diol, but can be eliminated because it is a 1,3-diol. The only diols cleaved by periodic 
acid are 1,2-diols. Choice (C) has a 1,2-diol that has cis hydroxyl groups, so periodic acid will cleave this 
compound.-Choice (D) cannot be correct because it is a 1,3-diol. 


OR-8. Which set of reagents would be best for this reaction? 


(A) НСО,Н, then HjO* (B) 050, H,O, 
(C)  CrO0, H,SO, (D)  O, then NaBH, 


ИЯ СС 


Knowledge Required: Reagents for conversion of alkenes to 1,2-diols and the stereochemistry of their 
reactions. 


Thinking it through: The desired product is a cis-1,2-diol, so the object of this problem is to find which 
reagents would produce the cis diol. Choice (A) shows reagents that are used to make trans-1,2-diols. (Peracid 
converts the alkene to an epoxide, and the epoxide undergoes an S,2 ring-opening reaction with the aqueous acid to 
give the trans-diol.) Therefore (A) can be rejected. Choice (B) gives the desired cis-1,2-diol because OsO, forms an 
intermediate cyclic osmate ester with the alkene, resulting in two oxygen atoms being added to the same face of the 
alkene. This is the correct answer. The chromic acid in choice (C) will oxidize the cyclohexene, but produces a 
dicarboxylic acid, not a 1,2-diol, via oxidative cleavage of the double bond. In choice (D), ozone would cleave the 
double bond of cyclohexane to give hexanedial, which would then be reduced to 1,6-hexanediol by МаВН.. 


Note: Another reagent that would accomplish the same transformation is cold, alkaline KMnO,, although some 
oxidative cleavage occurs, which results in a generally lower yield than for OsO,. 
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Which reagent(s) can be used to reduce a 
triple bond to a double bond having Z (cis) 
geometry (as shown in the figure)? 


(A) Na, МН, (B) NaBH, (C) Н,, Pd/BaSO, (D) H,, Pt 


—————————————————————————————————————————— 


Knowledge Required: зб for reduction of alkynes to alkenes and their stereochemistry. 


Thinking it Through: Each of the reagents is a reducing agent, but each has different applications. The 
reagents given in choice (A) are used in dissolving—metal reductions to convert an alkyne to an alkene with Е 
(trans) geometry. This choice can be eliminated. Choice (B) can be rejected because sodium borohydride reduces 
aldehydes and ketones, but not alkynes. 

Hydrogen gas reduces alkynes to give alkenes or alkanes, depending on the nature of the catalyst. Use of an 
ordinary catalyst such as Ni, Pd or Pt results in reduction all the way to the alkane. Therefore, choice (D) is 
incorrect. Choice (C) gives a catalyst that is partially deactivated by BaSQ,, so reduction stops at the alkene stage. 
This is the correct answer. 


Note: There are a few types of catalysts that are used to produce Z alkenes from alkynes. Each one has Pd with 
some deactivating agent or ‘poison’ present, usually a barium compound. Regardless of whether the catalyst is 
described as ““Pd/BaSO,,” “Pd/BaCO,/quinoline,” “Lindlars catalyst,” “Poisoned Pd" or “deactivated Pd" the result is 
the same: hydrogenation of an alkyne gives a Z-alkene. 


What is the product of the indicated reaction? 
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Knowledge Required: (1) Stereochemistry of hydrogenation of alkenes. (2) Steric effects and their role in 
reactions. 


Thinking it Through: Hydrogenation of alkenes generally gives products resulting from syn addition of 
hydrogen atoms. This is due to the mechanism of hydrogenation, which is summarized below. Hydrogen is 
adsorbed onto the metal surface. The л bond of the alkene is attracted to the metal surface as well (1). While 
interacting with the metal, it picks up the hydrogen atoms, one after another (2), to give the alkane product. The 
alkane is not attracted to the metal surface and it moves away (3). The reaction gives only the product arising from 
syn addition of H,, cis-1,2-dimethylcyclohexane in this case. No trans- product is observed. This is because in order 
to form trans-1,2-dimethylcyclohexane, the molecule would have to flip over completely between adding the first 
and second hydrogen atoms, which is unfavorable. 


CH; CH; H 
СНз н н 


H H 
2 3 


If one face of a double bond is more sterically hindered by a bridging carbon atom or other group, this face 
cannot easily approach the metal surface. As a result, it is unlikely that the hydrogen atoms will be attached to the 
more hindered face of the double bond. The hydrogen atoms will add to the face with less steric hindrance. 

In this problem, two faces of the double bond in the starting material are different. The exo side is that nearer 
the bridge with the methyl groups. The endo side is away from the bridge with the methyl groups. If the exo face 
of the л bond approaches the metal surface, there is steric interference between the metal surface and the methyl 
group. This prevents the exo face of the п bond from getting close enough to the metal to pick up the hydrogen 
atoms. The less-hindered endo face can more closely approach the metal surface and can add the hydrogen atoms. As 
a result, one can expect the hydrogen atoms to add in syn fashion and both will end up on the endo face of the 
molecule. The diagram below illustrates the two possibilities. 


Steric interference between 
the methyl group and metal 
surface. The exo face of the the pi bond can 


pi bond cannot closely closely approach 
approach the metal surface. metal surface. 


me ur 
HD i HCH; 


When looking at the four possible choices, one of them, (B), can be eliminated immediately because the 
hydrogen atoms are added in anti fashion, contrary to what is expected. In choice (D), not only are both hydrogen 
atoms adding to the same carbon atom, but, a deuterium atom is shown as having migrated from one carbon atom 
to another! This choice is clearly nonsense, so it can be eliminated. Of the remaining two choices, (À) shows the 
hydrogen atoms adding to the exo face, which is less likely because the steric interaction between the methyl group 
and the metal surface prevents close approach of the л bond to the metal. Choice (C) shows the hydrogen atoms 
adding to the endo face, which is expected because the endo face can more closely interact with the metal and pick 
up the hydrogen atoms. This is the correct answer 


The endo face of 
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Which reagents are best suited for the indicated 
transformation? 


(A) Ња 

(B) NaOH, H,O 

(C) H,O, H4O* 

(0) NaBH, then H4O* 


—————— ЧЧ ——A—MA———A—^—^^————————MA—————A—^A— == 


Knowledge Required: (1) Reactions of alkenes. (2) Reactions of ketones. 


Thinking it Through: The starting material is an unsaturated ketone and,the product is an unsaturated alcohol. 
Each of these reagents will react with the starting material, but only one will give the desired product. This is 
another problem in which one must select a reagent that reacts with one of the two functional groups in the 
starting material. Choice (A), Н, + catalyst, will reduce the ketone to an alcohol, but it will also reduce the alkene 
group. The resulting product would be cyclohexanol, so this cannot be the correct answer. Aqueous hydroxide, 
choice (B), does not react with alkenes, but it does react with ketones. However, it is not the correct answer, 
because hydroxide ion does not act as a reducing agent. Instead, hydroxide can attack the carbonyl group and form 
the gem-diol, or it can also remove an alpha-hydrogen atom to give an enolate ion. Neither of these reactions leads 
to the desired product, so (B) is not correct. Choice (C), aqueous acid, can also react with the starting material to 
give a gem-diol, and it can also lead to formation of the enol. (Not only that, but acid can react with double bonds 
to give alcohols and/or rearranged alkenes.) Aqueous acid is not a reducing agent, and it can react with the alkene, 


so this is not the correct answer. The correct answer is (D), because NaBH, reduces ketones to secondary alcohols, 
but does not react with alkenes. 


OR-12. Which sequence of reagents would be best to carry out this transformation? 


(A) NaBH,, then H4O* (B) HyPd 
(C) NaH, then Н.О* (D) LiAIH,, then Н.О* 


сс гг 


Knowledge Required: Reactions of ketones, alkenes and esters with various reducing agents. 


Thinking it Through: The starting material contains a ketone, an alkene, and an ester, and the desired reaction 
affects only the ketone; the alkene and ester groups remain unchanged. Again, drawing out the reaction proposed in 
each choice should provide some help in selecting the correct answer. 

Choice (A), NaBH,, reduces ketones to secondary alcohols, but it does not affect esters or alkenes. This is the 
correct answer. Choice (B) can be rejected because hydrogenation will reduce the ketone to the secondary alcohol, 
but it will also reduce the alkene to an alkane. Choice (C) cannot be the correct answer because NaH will function 
as a base, giving any of several possible enolate ions. The aqueous acid workup will simply give back the starting 
material. Choice (D) will react with the ketone, but LiAIH, also reacts with esters to give primary alcohols. This 
is not the correct answer. Again, drawing out the products of the possible reactions will often reveal the correct 
answer. 
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Practice Questions 


1. Which reagents are best for carrying out this 4. Ozonolysis of which terpene would give 
reaction? equimolar amounts of these compounds? 


о о OH [9] 


ымен PP eas, 


(A) NaBH,, then H,O* 
(B) Zn(Hg), conc. НСІ 
(C) LiAIH,, ether; then aqueous workup 
(D) NH;NH,, KOH 

2. Which of these reactions will produce 
cyclopentanol? 
(A) COOH 


1) LiAlH, 
2) H0* 


О 


(В) 
cy Ho, Pd 
$. What is the main product of alkaline 


permanganate oxidation after neutralization? 


(C) О 1) NaBH, 
2)H,0° ^ 


(D) CF Hp, Pd 


(A) 


n 
3. Which reagents would best accomplish this CH;CH?COH 
transformation? 


(B) T 
CH;CH;CH 


(A) К,Сг,О, + H,SO, (C) 
(В) KMnO,, KOH, then neutralization 
(С) L, KOH, then neutralization CY 


(D) H;O, KOH, then neutralization 
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6. Reduction of a triple bond to an E (trans) 9. Which of these reagents is best suited for this 


double bond can be accomplished with which conversion? 
set of reagents? 


(A) Na, МН, 

(B) H,, deactivated Pd 
(C) NaBH,, methanol 
(D) NaH, then Н.О* 


(A) LiAIH, then H,O* 
(В) Zn(Hg), НС! 

(C) H,O, Ht 

(D) Na, NH, 


7. Which reagents are best suited for this 
transformation? 


10. Which compound can be most easily oxidized 
by К,Сг,О, + H,SO,? 


(А) CH,CH;COOH (В) (CH;);COH’ 


(C) CY (D) on 
(A) LiAIH,, then H4O* 


(B) H,O, H* 11. Which product OH 
would result from 
(C) H, Pd/C this reaction? K3Cr0; 
(D) Na, МН, 250; 
8. Which is the expected product from this CH; 
oxidation? 
OH (A) ОН (B O 
KMnO, Н›О 
CH;—C-CH;CH;CH;CH;CH;0H oj н 
СН; 
(А) n T COH CO2H 
CH3— C- CH;CH;CH;CH;COH 
(c) О (D) О 
(В) H T 
CH34— C- CH;CH;CH5CH;5CH 
(C) OH 1 
CH3— С — CH;CH;CH;CH;COH CH; CH,0H 
CH; 
(D) Tn И 
CH3— С CH;CH;CH;CH;CH 
CH; 
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12. Which of these reagents would be best to 14. What are the products when this triol is treated 
accomplish this conversion? with excess HIO,? 
О OH OH OH 
! ! HIO; 
е = CH;CHCH;-C-CH;OH == 
D СНз 
(A) DO, catalytic НСІ a) e 9 b 
CH3CHCH;CCH; + HCH 
(В) Р.О, in CH,COOH 3 EA 975 
(C) NaOD in CH,CH,OD, then aqueous work- (B) Lm " " 
up CH4CHCH;CCH; + HOCH 
(D) NaBD, in CH,CH,OH, then aqueous (C) o о o 
work-up CH3CH + СНзССНз + HCH 
13. Which set of reagents could be used to effect 0 о О О 
this conversion? CH3CH + CH3;CCH3 + HOCH 


(A) BH, then H,O, and NaOH 
(B) HIO, 

( C) cold KMnO,, NaOH 

(D) H,0,, NaOH 


Answers to Study Questions 


1. B 6. D 11.D 
2. D 7. € 12.A 
3. D 8. B 
4. С 9. C 
5. D 10.C 
Answers to Practice Questions 
1. A 6. A 11.C 
2. B Te € 12.D 
3. С 8. C 13.C 
4. А 9. B 14.A 
5. р 10.D 
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Spectroscopy 


Infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy, and mass spectrometry, are important tools 
for determining the structures of unknown compounds. These techniques are also essential for confirming that the 
products of chemical reactions actually have the structures anticipated. Each spectral method is independently useful 
with simple molecules; but when used together, these methods make it possible to determine the structures of very 
complicated molecules. Mass spectrometry must be used when the molecular formula is not known, because neither 
IR nor NMR spectroscopy can provide this information. 

Infrared radiation is absorbed by molecules, causing them to move to excited vibrational states. Different types 
of bonds, such as C=C, О-Н or C=O, have different vibrational frequencies and, therefore, absorb IR radiation at 
different, and characteristic, frequencies (or wavelengths). Thus an IR spectrum is useful for determining whether 
various functional groups are present or absent in a molecule. IR spectra are usually plots of % transmission 
against wavelength (in micrometers, um) or wavenumber (the reciprocal of wavelength, which is proportional to 
frequency, and is expressed in cm™). Wavenumber (1/A) and frequency (c/A) differ by a constant factor, the speed of 
light. 


Infrared Spectroscopy 


Remembering a few key absorption frequencies and the molecular vibrations responsible for them is very useful 
when deciphering IR spectra. Table 1 provides a concise summary of important absorption frequencies. 


Table 1. Approximate Infrared Absorption Frequencies 


1500 


Some nuclei have magnetic moments and, in a strong magnetic field, absorb electromagnetic radiation in the 
radio-frequency range, giving rise to an NMR spectrum. An IR spectrum of a compound gives a picture of what 
functional groups are present in a molecule, but gives very little information about the number and type of 
hydrogen and carbon atoms in the molecule. 'H and ^C NMR spectroscopy provides this information. For 'H NMR 
spectra, integration of the areas under signals in a spectrum gives the relative number of equivalent protons 
producing each signal, and the n+1 rule for spin-spin splitting of signals allows one to determine the number of 
protons on atoms adjacent to the proton producing the signal. In addition to being familiar with these two tools, 
knowing the approximate chemical shifts for six types of protons is extremely useful. 


Table 2. 'H NMR Chemical Shifts 
H attached to 5 (ppm 
|___ spCaom || 


|. aldehydeCatom — | — 10 | 


carboxylic acid O atom 
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13C NMR spectra are normally recorded as proton-decoupled spectra and the signals consist of a series of single 
lines. Thus, the number of lines in the spectrum corresponds to the number of the different types of carbon atoms 
in the molecule. Several techniques are available to determine how many protons are attached to each type of carbon 
atom, greatly increasing the usefulness of ^C NMR spectra. As with 'H NMR, knowing the approximate chemical 
shifts for six types of carbon atoms is extremely useful. 


Table 3. "C NMR Chemical Shifts 
C environment 


ester, amide, carboxyl C=O 


aldehyde and ketone C=O 


Mass Spectrometry 

When molecules are ionized in the gas phase and the resulting ions passed through a magnetic or electric field, 
the ions are deflected by the field. Measuring the deflections yields a mass spectrum, in which the ions are arranged 
according to their mass-to-charge (m/z) ratio. Mass spectrometry deals with the generation and analysis of mass 
spectra. The usual way to ionize a molecule is to bombard it with a beam of electrons, which dislodge an electron, 
producing a molecular ion. The molecular ion has the same molecular mass as the molecule. If a high resolution 
mass spectrometer is used, the exact molecular formula for the molecule can be obtained from the mass spectrum. 
Molecular ions often fragment into smaller ions and neutral components (radicals or small neutral molecules). The 
fragment ions may themselves undergo further fragmentation. Fragmentation patterns provide clues as to the 
structure of the molecule. Abundances of fragment ions reflect carbocation and radical stabilities. 


Study Questions 
SP-1. What effect does the conjugation of a carbonyl group with a carbon-carbon double bond have on the 
infrared absorption due to the C=O stretch? 
(A) It shifts to a lower frequency (longer wavelength). 
(B) It shifts to a higher frequency (shorter wavelength). 
(C) It has no effect. 
(D) The absorption due to the C=O stretch disappears. 


Matte rnnt ertt 


frequency, or wavelength, and energy of electromagnetic radiation. (3) Recognition that the frequency of the 


absorbed infrared radiation corresponds to a vibrational frequency in the molecule. 


Thinking it Through: The resonance interaction between the C=C and the C=O groups introduces some single 
bond character into the carbonyl group as shown by the resonance structures below. 
oN + ? 
R2C-CH-C-R --—R;C-CH-C-R 
Less energy is required to stretch a carbon-oxygen single bond than a carbon-oxygen double bond. 
Consequently, the reduced double bond character of a conjugated carbonyl group will result in a lower stretching 
frequency than for a non-conjugated carbonyl group, and it will absorb lower frequency infrared radiation. Choice 
(A) is a statement of this fact and is the correct answer. Note that the stretching frequency of the carbon-carbon 
double bond would also be lowered. 


142 


Spectroscopy 


SP-2. Which compound is consistent with this IR spectrum? 


тт 
80 RTA Ang 
ШАРТ у Ul 
ШШЕ РН ОИ ШШ 
ИН € 
WE MH TR 


ce0239--—3esms- x 


(A) 
| Ш 
CH3CH;CH;CHCH; CH3CH;CH;CCH; 


(C) о 0 
СНзСН:СН:СМН, CHa4CH3;CH;5COH 


1m————M€—»——v С 


Knowledge Required: (1) The approximate руа — for OH, NH, and — groups. (2) 
Recognition that the absence of characteristic IR absorption bands for various functional groups allows molecules 
containing those groups to be ruled out. 


Thinking it Through: The spectrum shows a strong absorption band at approximately 1720 cm'!. Thus, the 
molecule contains a carbonyl group of some sort, and choice (A) may be ruled out. Choices (B), (C) and (D) all 
contain a carbonyl group, but they may be distinguished because choices (C) and (D) also contain other functional 
groups that have other distinctive absorption bands. The strong and broad band covering the 2500-3300 cm"! 
region that is typical for the OH of a carboxylic acid is clearly absent. Therefore, choice (D) cannot be correct. The 
NH, group of the amide in choice (C) would show two bands of medium strength near 3400 cm", and in addition, 
the carbonyl band for amides normally comes below 1700 cm'! (near 1650 cm`'). The spectrum is clearly not that 
of choice (C). Choice (B), a ketone, must be the correct answer. 


SP-3. Signals from how many sets of protons would be 
observed in the 'H NMR spectrum for this compound? 


(А) 3 (B) 


ЕЕЗ 


Knowledge Required: (1) That chemically Mee protons are ел0 neioii malaki (2) That 
symmetry causes sets of protons to be chemically equivalent. 


Thinking it Through: To give rise to different NMR signals, sets of protons must be magnetically 
(chemically) nonequivalent. The simplest test for chemical nonequivalence is to substitute some other atom for a 
proton in each set. If the substitution results in the same compound, the sets are chemically equivalent. Otherwise 
they are chemically nonequivalent. The two CH, groups and the two CH, groups in the two ethyl groups are 
chemically nonequivalent, and each one gives rise to a distinct signal (for a total of four signals). The symmetry in 
the molecule makes the protons that are ortho to the ethoxy group chemically equivalent, but nonequivalent to the 
likewise chemically equivalent protons ortho to the ethyl group. Thus, the protons on the benzene ring give rise to 
two distinct signals, and these two signals plus the four from the two ethyl groups gives six distinct signals for 
the NMR spectrum. Therefore, choice (D) is the correct answer. Choice (C) is often selected because of the 
incorrect assumption that the two CH; group will be equivalent because they are both attached to a carbon atom. 
Likewise, choice (B) would be selected if one erroneously assumed that both ethyl grou 
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SP-4. Which structure is consistent with this 'H NMR spectrum? 


CH3CH,0CH2CHCI, О 
CICH2CH2CCH2CH3 


(C) 


и it 
CICH?CH?COCH;CH; CICH;2CH;0CCH;CH; 


—A——M———————————— A PR 


Knowledge Баб (1) Spin-spin splitting patterns. (2) Factors that affect chemical shifts. (3) Relative 
chemical shifts. 


Thinking it Through: The best way to approach this question is to compare the expected 'H NMR spectrum 
for each choice with the given spectrum. The given spectrum shows a quartet, two triplets of equal intensity, and a 
more intense triplet in that order from lowest to highest field. Only the spectra of choices (B), (C) and (D) would 
show the same type and number of splitting patterns (mutiplets) as are seen in the given spectrum. The spectrum 
of choice (A) would show two triplets of different intensity, a doublet, and a quartet. It is clearly incorrect. 
Although the spectra of choices (A), (B), and (D) have the same number and type of multiplets, the order of the 
signals from lowest to highest field will differ. Only in choice (C) is the methylene of the ethyl group attached to 
a heteroatom so that the quartet would come at lowest field. The spectra of choices (B) and (D) would both have 
the two equally intense triplets at lowest field followed by the quartet and then the more intense triplet. Therefore, 
choice (C) appears to be the correct answer. Indeed, the spectrum of choice (C) would show the correct order of the 
i and then the more intense triplet from lowest to hig 


How many signals would you expect in the proton- 
decoupled ^C NMR spectrum for this compound? 


(А) 5 (B) 6 (Су 7 


——————————————————————————————————————————————————M 


Knowledge Required: (1) Ability to discern to whether or not various carbon atoms are chemically equivalent. 
(2) That symmetry causes carbon atoms to be chemically equivalent. 


Thinking it Through: In a proton-decoupled ^C NMR spectrum, each different type of carbon atom will give 
rise to a singlet signal. As a result, the number of signals is equal to the number of different types of carbon atoms 
in the molecule. A plane of symmetry passing through the two substituted carbon atoms in the benzene ring 
causes the two carbon atoms ortho to the acetyl group to be equivalent. This is also true for the two carbon atoms 
ortho to the methyl group. There are a total of seven different types of carbon atoms in the molecule, and choice 

C) is the correct answer. 
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SP-6. Which structure is consistent with this 'H NMR spectrum? 


(A) 9 (B) оо 
CH30CCH>CH3; CH3CH30CCH;COCH;CH; 

(C) оо (D) 0 
CH4CCH5COCH5;CH; CH3CCH5CHà 


К ЛЛ низ ния нони 66 


Knowledge Required: (1) Spin-spin splitting patterns. (2) Factors that affect chemical shifts. (3) Relative 
chemical shifts. 


Thinking it Through: As was done previously, compare the expected spectrum for each choice with the given 
spectrum. The given spectrum shows three different signals: a quartet, a singlet, and a triplet in that order from 
lowest to highest field. The spectra of choices (A), (B), and (D) will all show the same type and number of 
multiplets as the given spectrum. However, the spectrum of choice (C) would show four different signals: a 
quartet, two singlets, and a triplet in that order from lowest to highest field. Consequently, choice (C) may be 
eliminated. The spectra for choices (B) and (D) would show the same ordering of the multiplets as the given 
spectrum, but the spectrum for choice (A) would have the singlet (CH, attached to an oxygen atom) at lower field 
than the quartet. Thus, choice (A) cannot be correct. Although the spectra of choices (B) and (D) exhibit the same 
ordering of the signals, the actual chemical shifts for the quartets are significantly different. The methylenes of the 
ethyl groups in choice (B) are attached to an electronegative oxygen atom, which causes the quartet for the 
methylene protons to appear near ё 4.0. But, the methylene of the ethyl group in choice (D) is attached to a 
carbonyl carbon atom, which causes the quartet for the methylene protons to appear near 5 2.0. The given spectrum 
is in better agreement with choice (B) than with choice (D), and choice (B) is the correct answer. Note that the 
singlets for choices (B) and (D) would also come at different chemical shifts. The singlet for the methylene proton 
between the two carbonyl groups in choice (B) would be expected to appear near $ 3.0, whereas the singlet for the 
methyl group attached to the carbonyl carbon atom would be expected to appear just above the quartet near ô 2.0. 


SP-7. Which compound would show a molecular ion at m/z 114 and a major fragment ion at m/z 71? 


(A) OH (B) о 
CH3CH;CH;CHCH;CH;CHs CH3CH;CH;CCH;CH; 


(С) о (D) П 
CH3CH;CH;CH;CCH;CH; CH3CH;?CH;CCH;CH5;CH3 
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Knowledge Required: (1) That the m/z for the molecular ion is the same as the molecular mass. (2) Factors 
that affect carbocation and radical stabilities. (3) That carbocation and radical stabilities determine which 
fragmentation processes are most likely to occur. 


Thinking it Through: Choices (C) and (D) both have molecular masses equal to 114, but choice (A) has a 
molecular mass equal to 116 and choice (B) has a molecular mass equal to 100. Thus choices (A) and (B) cannot 
give rise to a molecular ion at m/z 114 in their mass spectra, and they may be eliminated from consideration. Since 
choices (C) and (D) will both give a molecular ion at m/z 114, we must look at the fragment ions to distinguish 


between them. A major fragmentation of the molecular ion of ketones is for either alkyl group attached to the 
carbonyl carbon atom to be lost as an alkyl radical to generate the corresponding acy] cation. For choice (C), the 
loss of an ethyl radical (mass of 29) would produce an acyl cation at m/z 85 and loss of a butyl radical (mass of 57) 
would produce an acyl cation at m/z 57. For choice (D), both alkyl groups are the same, propyl, and loss of a 
propyl radical (mass of 43) would produce an acyl cation at m/z 71. Choice (D) is the correct answer. This type of 
fragmentation for ketones is often called o-cleavage, because the bond between the carbonyl carbon atom and the 
Q.-carbon atom is the one that is broken. о-сІеауаре is a major fragmentation reaction for alcohols, amines and all 
es of carbonyl compounds. | 


Which structure is consistent with this ЗС NMR spectrum? 


(C) CH2CH3 (D) о 
СТ e 


ее еее нежен 


Knowledge Required: (1) Approximate chemical shifts of various types of carbon atoms. (2) The number of 
lines in a ^C NMR spectrum is equal to the number of different types of carbon atoms in the molecule. 


Thinking it Through: The spectrum shows signals for six different types of carbon atoms in the molecule. 
Inspection of the four choices shows that choices (A) and (C) each contain six different types of carbon atoms, 
but choices (B) and (D) each contain seven different types of carbon atoms. Choices (B) and (D) may be 
immediately eliminated. These two choices could still be eliminated even if they had contained only six types of 
carbon atoms because the given spectrum does not have a signal in the 6 190—200 region, where the signals for the 
carbonyl carbon atoms in (B) and (D) would appear. Both choices (A) and (C) have only four types of sp?- 
hybridized carbon atoms and would show four signals below 5 100. However, the low intensities of the signals at 
б 133.5 and 6 159 indicate that they are probably for quaternary carbon atoms. Since choice (A) has two quaternary 
carbon atoms and choice (C) has only one, choice (A) is more likely the correct answer. That choice (A) is the 
correct answer is confirmed by considering the signals at 5 55 and б 64. Signals for sp*-hybridized carbon atoms 
must be attached to heteroatoms to come at these chemical shifts. This is the case for choice (A), but not for 
choice (C). The two sp?-hybridized carbon atoms in choice (C) would come above $ 30. 
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Practice Questions 


1. Which ketone will show a carbonyl absorption 
at the lowest frequency (cm) in the infrared? 


(A) О 
om 


spectrum? 


0 
4000 3500 3000 2500 2000 1800 1600 1400 12001000 800 600 400 
Wavenumber, (cr) 


aodu anenun ;$ 


(A ) И 
CH4CH;CH;CCH; 


(B) о 

CH4CH;CH;CH;CH 
OH 

CH4CH;CH;CHCH; 


О 
ll 
CH;CH,CH,CH,COCH; 


(C) 


(D) 
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3. Which is the most reasonable structure for a 
compound with this IR spectrum? 


% 
T 
a 
n 
s 
m 
i 
t 
t 
a 
n 
e 046002000 35003000 2500 2000 — 1800 — 1000 80 60 
Wavenumber, (cm-t) 
(A) И 
CH3(CH2)4—- C=C- СОСН» 
(В) он 
CH3(CH5),- C&C- CHCH4 
(C) n 
H-C#=C—(CH2)4CCH3 
(D) О 


И 
CH4(CH;,- CHXCH-CH 


4. Which structure is consistent with this IR 
spectrum? 


8 


ES 
о 


N 
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ВЕ d 
0 ЕЕ 
4000 3500 3000 2500 2000 1800 1600 1400 12001000 800 600 400 
Wavenumber, (cm-1) 


Фо Зи Хх 


(А) 
Ш 
CH3(CH2)sCH20CCH3 


( B ) И 
CH3(CHp);oCOH 


( c ) Ш 
CH3(CH2)gCH 

(D) о 
HOCH2(CH2)7CCH3 
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5. Which structure is most consistent with this IR 
spectrum? 


4000 3500 3000 2500 2000 1800 1600 1400 12001000 800 600 400 


Фозо-- Зи $3 


Wavenumber, (cm-t) 


(B) om 
(C) СҮ 


(D) O` 
CH3 


6. Which compound corresponds to this IR 
spectrum? 


6657 8 9 101 
Wes e жин! Е. ШТ! АШИ 3I 
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Фо Зоо x 
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4000 3500 3000 2500 2000 1800 1600 1400 12001000 800 600 400 
Wavenumber, (cm-!) 


(A) CH)=CH(CH2)sCH3 
(B) НС=С(СН›);СН; 
(C) о 
HC=C(CH))s;COCH; 
(D) I 
CH3(CH;))CCH4CH; 


7. Which compound would produce this IR 
spectrum? 
Wavelength, (um) 
5 4 455 55 6 65 


хоз Зи x 


4000 3500 3000 2500 20001800 1600 1400 12001000 800 600 400 
Wavenumber, (cm-t) 


(A) О 
2 
(B) o 
cr 
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CH; 
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8 
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8. Which is the 
correct order from 
lowest to highest 
field for the chemical shifts of the numbered 
sets of protons in the 'H NMR spectrum of this 
compound? 
(А) 3 <2 <1 


(C) 1<2<3 


BrCH,OCH,CH, 


1 2 3 


(B) 2<1<3 
(0) 2<3<1 


9. Which of these compounds will show two 
triplets (among other signals) in their 'H NMR 
spectra? 

I CICH,CH,CHCI, 


п CICH,CH,CH,C1 
IH  CLCHCH,CHCI, 


(A) L II, III 
(C) 1, Ш only 


(B) I only 
(D) II only 
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. 1 * . . n . 1 
10. Which H NMR CH,CH,SCH, 12. Which structure is consistent with this 'H 
spectrum is NMR spectrum? 


consistent with that of ethyl methyl sulfide? 


| "m 
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К) 2 1 0 
5 
(С) CH3CH; 0 
Ne) ЕДЕ: CH 
CH4CH; 
(D) О 
CCH; 
3 2 1 0 
i CH3CH; 
(D) 
13. Which structure is consistent with this 'H 
NMR spectrum? 
3 2 1 0 


11. How many 
signals would be 
observed in the 
proton-decoupled 


Ae ——QUÓ c ——J 
5 45 4 35 3 25 2 15 + 05 0 
ён (ppm) 


(A) (CH3)3COH 


ЗС NMR 
spectrum of this compound? (В) CH3CH;?CH;CH;0H 
(A) 5 (В) 6 (C)7 (D) 8 (С) СН: 
CH;CHCH,OH 
(D) OH 
CH;CH;CHCH; 
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14. Which structure is consistent with this 'H 
NMR spectrum? 


15. Тһе chemical 
shifts in the 


3C NMR 


spectrum for 
this compound 


" 
CH4—0-C-NH- CH;-CH; 


1 2 3 4 


are § 15.8, 40.1, 51.8 and 170.2. Which is the 
correct set of chemical shifts for the carbon 
atoms? 


(A) 
(B) 
(C) 
(D) 


1 
51.8 
170.2 
15.8 
51.8 


carbon atom 
2 3 4 
40.1 1702 15.8 
15.8 51.8 40.1 
170.2 40.1 51.8 
170.2 401 15.8 
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16. 


Which structure is most consistent with this 


3С NMR spectrum? 


200 180 160 140 120 100 80 60 40 20 0 


(A) 


(B) 


(C) 


(D) 


Bc (ppm) 
сњ 
CH3;CHCH,0CH; 
сњ © 
CH;CHCH,CCH3; 
0 
CH3CH;CNHCH; 


OH 
CH4CH;CHCH; 


17. Which structure is in agreement with these 'H 
NMR and "C NMR spectra? 
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CH3CH2CH20CCH3 
OH 


| 
CH3CH2CH2CCH3 
CH; 
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19. 


Which structure is consistent with this °C 
NMR spectrum? 


200 180 160 140 120 100 80 60 40 20 0 
5c (ppm) 


(A) 
CHCH; 


(B) О 
un \— CCH,CH; 
(C) о 
сно—{ син 


(D) CHiCH; fe] 
\ 
N CH 
CH3CH; 


Which compound would show major fragment 
ions at m/z 73 and 59? 
(A) OH 
CH3CH;CHCH;CH; 
(B) OH 
CH3CH;CH;CHCH; 


(C) OH 
CH;CHCHCH; 
CH3 
(D) OH 
CH;CCH;CH; 
CH; 
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Which structure for a molecule with the 
molecular formula C,,H,,O, is in best 
agreement with this ^C NMR spectrum? 
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T 
CH;CH;0CH 


(A) 
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(C) 


CH3CH; 
(D) О 


1 
ore 
CH4O 


Which compound would show major fragment 

ions in its mass spectrum at m/z 85 and 57? 

(A) ? 
CH3CH2CH2CH2CCH2CH3 

(B) n 
CH3CH;CH;CCH;CH;CH; 

(C) n 
CH34CH;CH;CH;CH;CCH; 

(D) d 
CH3CH;CH;CCHCH; 

СН; 
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22. An unknown compound was found to be 
unreactive towards chromic acid and gave this 
IR spectrum. Which is a likely structure for the 
unknown? 


Фо Зою x 


1. А 4. С 
2. В 5. С 
3. D 6. B 


со а Ф (л à о 
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Synthesis and Qualitative Analysis 


Synthesis involves the stringing together of a short series of organic reactions to prepare a desired pure 
compound, often with a defined stereochemistry. To accomplish this feat, it is necessary to know (1) the chemistry 
of the various functional groups, (2) how to choose, from among several reagents that will accomplish a desired 
functional group interconversion (the one that will produce the proper regiochemistry and/or stereochemistry in the 
best yield), and (3) how to use protecting groups to prevent one functional group from undergoing a reaction while 
another functional group is being transformed. 

Syntheses involving a series of electrophilic aromatic substitutions require more than just knowing which 
reagents are necessary for the introduction of the ring substituents. The directing effects of the substituents must be 
taken into account, so that the reactions are performed in the correct order to obtain the desired substitution pattern. 

Qualitative analysis involves using various chemical and/or spectroscopic data to identify a specific compound 
from among several possibilities. 


Study Questions 


SA-1. What is the major product of this reaction sequence? 


= NaNH, CH;CH;CHBr H; 
CoHs—C=CH Lindlar catalyst 


(B) _ CeH;CH;CH;CH;CH;CH, 


(D  Cdis CH(CHj, 


Knowledge Required: (1) Formation and alkylation of anions of terminal alkynes. (2) Conditions for, and 
stereochemistry of, selective hydrogenation of alkynes. 


Thinking it Through: Sodium amide is basic enough to quantitatively convert the terminal alkyne into its 
corresponding carbanion, which gives an S42 displacement with the propyl bromide to form an internal alkyne. 
Alkynes undergo catalytic hydrogenation to either alkanes or alkenes, depending upon the type of catalyst. Alkynes 
are reduced to alkanes with the usual catalysts (Pd or Pt), whereas they are reduced to alkenes with deactivated 
(poisoned) catalysts (most commonly a deactivated Pd catalyst such as Lindlar catalyst). In this question, 
phenylacetylene is alkylated with propyl bromide to give 1-phenyl-1-pentyne, which is then reduced to 1-phenyl-1- 
pentene. Therefore, choice (B), the result of reduction to the corresponding alkane and choice (D), which contains 
a rearranged alkyl group, may be eliminated. Choices (A) and (C) could both be produced by selective reduction of 
1-phenyl-1-pentyne. Catalytic hydrogenation occurs by a syn addition of hydrogen to the alkyne and results in the 
formation of the cis, or Z, alkene. Consequently, choice (A) is the correct answer. Note that choice (C) would 
have been produced if the reducing agent had been sodium metal irtliquid ammonia. 
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SA-2. What is the product of this reaction sequence? 


HOCH;CH;0H 
H* 


H,0, H* 
A 


KMnO; 
NaOH 


Knowledge Required: (1) Use of acetals as protecting groups. (2) Oxidation of alcohols with permanganate. 


Thinking it Through: Permanganate oxidizes aldehydes and primary alcohols to carboxylic acids. The aldehyde 
is converted into an acetal to protect it from oxidation by the alkaline permanganate. (The acetal is stable under 
alkaline conditions.) After the oxidation has been completed, the acetal is hydrolyzed back to the aldehyde. Choice 
(C) is the only one that corresponds to the reaction sequence, and is the correct answer. Choice (A) would be the 
result if the acetal function oxidized instead of the alcohol. Choice (B) would result if the alcohol functional group 
were only oxidized to aldehyde. Choice (D) would result if both the acetal and alcohol functions were oxidized. 


Which starting material would be best suited for the BCH, 

preparation of this labeled tertiary alcohol using '*C—labeled ЗСНЗМЕВг _ H20, Ht үзүү _ A_ 

methylmagnesium bromide? · ? CH;—Ç-0H 
CH; 


(A) 0 (B) 
CH,0-C-OCH; 


Knowledge Required: The products of the reactions of Grignard reagents with aldehydes, ketones, and esters. 


Thinking it Through: Grignard reagents add to aldehydes and ketones to give secondary alcohols and tertiary 
alcohols, respectively. With esters, Grignard reagents give an initial substitution reaction to produce ketones, 
which then undergo addition of another molecule of the Grignard reagent to give tertiary alcohols as the final 
products. Only choices (A), (B) and (D) will react with methylmagnesium bromide to yield tert-butyl alcohol. 
Thus, choice (C) may be eliminated. Note that only two of the three methyl groups in the tert-butyl alcohol аге 
labeled with carbon-13. Since the Grignard reagent contains a carbon-13 labeled methyl group, the unlabeled - 
methyl group must come from the carbonyl compound. Choices (A) and (B) will both produce tert-butyl alcohol 
with three carbon-13 labeled methyl groups, and both are therefore incorrect. This leaves choice (D), methyl 
acetate, as the correct answer. This ester will react with two equivalents of the labeled Grignard reagent to give the 


desired product. 
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(CH3);CHCH;OCH(CH3); 
isobutyl isopropyl ether 


Which of these reactions will give isobutyl isopropyl ether as 
the principal organic product? 


Н,50, 
(A) — (CHj;CHCH;OH + CH;CH;CH;OH 72756 


(B)  (CHj;CHCH;OH + CH,CH- CH, “84%, PPP. 


(C) CH3C=CH, + CH.CH;CH;OH Hg(OAc); наш, 


CH; 
(D) | (CH3;CHCH;ONa + CH43CH;CH;OH — 


не "ө С at —————— m serian, eet rnnt еее ecce run 


we purer: (1) Methods for the preparation of ethers. е Тһе ce of the 
oxymercuration—demercuration reactions of alkenes. 


Thinking it Through: Choices (A), (B) and (C) will all produce ethers as products, but choice (D) will not. 
The sodium isobutoxide in choice (D) would produce an ether if the other reactant were an alkyl halide or an alkyl 
sulfonate ester instead of an alcohol. Choice (A) may be eliminated because this method is useful only when the 
two alkyl groups of the ether are identical, or when one of them is tertiary. Choice (A) would give a mixture of 
one unsymmetrical and two symmetrical ethers, and since primary alcohols react in the presence of acid via an S42 
process, none of the ethers would contain an isopropyl group. Choices (B) and (C) produce ethers by the same 
mechanism: formation of a cyclic mercurinium ion that undergoes ring opening by solvent attack on the more 
highly substituted carbon atom; followed by replacement of the mercury by hydrogen from sodium borohydride. 
Choice (B) would yield the desired isobutyl isopropyl ether, whereas choice (C) would yield tert-butyl propyl 
ether. Choice (B) is therefore the correct answer. 


$А-5. Which of these reactions will produce isopropylamine? (CH3)2CHNH} 


(А) CH,CH=CH, № (B) " - = 
3CCH3 mp, Pr 


KCN. H o 
(С) (CHy),CHBr KN 1. Ф) шан, 


mm———A—MA—A——M€ таваните ниятен нне ee ЕООЙ С 


Knowledge Required: ( (1) Methods for the preparation of amines. (2) That alkenes undergo иша 
additions. (3) Mechanisms for reductions of nirtiles and amides. (4) Mechanism for reductive aminations of 
aldehydes and ketones. 


Thinking it Through: Choices (B), (C), and (D) are all useful methods for preparing amines, but choice (A) 
is not. Choice (A) can be ruled out because it would require a nucleophilic addition to an alkene instead of the 
normally observed electrophilic additions. Choices (C) and (D) will produce an amine with four carbon atoms, 
isobutylamine, not the desired isopropylamine. This leaves choice (B) as the correct answer, which will indeed 
produce isopropylamine. The acetone reacts with the ammonia to form an imine, which is reduced to the amine 
faster than the acetone is reduced to isopropyl alcohol. 


155 


Synthesis and Qualitative Analysis 


What is a major product of this reaction sequence? 


KOH СН›=СНСН,Вг H20, NaOH 
A 


(A)  СН;=СНСН;ОН CH;—CHCHjNH; 


NH 
NCH;CH;CH;OH 


Knowledge Required: (1) Ease of deprotonation of the NH group of phthalimide. (2) N-Alkylation of 
phthalimide salts. (3) Hydrolysis of imides. (4) Gabriel amine synthesis. 


Thinking it Through: The starting compound is phthalimide, and из М-Н proton is so acidic that phthalimide 
is quantitatively converted into its potassium salt by potassium hydroxide. The phthalimide anion is nucleophilic 
and will undergo an S42 reaction with alkyl halides to give an N-alkylated phthalimide. When the N-alkylated 
phthalimide is treated with aqueous sodium hydroxide, both amide bonds are hydrolyzed to give a primary amine 
and sodium phthalate. This reaction sequence is known as the Gabriel amine synthesis and is used to synthesize 
primary amines that are uncontaminated by secondary or tertiary amines. Choice (B), allylamine, would be 
produced by this sequence when allyl bromide is used as the alkyl halide in the synthesis, and choice (B) is the 
correct answer. Choice (A), allyl alcohol, would be the result of an S2 reaction between the hydroxide and the 
allyl bromide, which ignores the presence of phthalimide. Choice (C) would require the unreasonable nucleophilic 
addition of the phthalimide anion to allyl bromide followed by an 5,2 displacement of bromide ion by sodium 
hydroxide. Even if choice (C) were produced, it would undergo hydrolysis to give 3-amino-1-propanol. Choice 
(D) would require dialkylation of the phthalimide followed by hydrolysis. However, a second alkylation of the 
monoalkylated phthalimide is not reasonable, because the electron pair on the nitrogen is stabilized by resonance 
with the two carbonyl groups and is non-nucleophilic. That is the reason the Gabriel synthesis produces only 
primary amines. 


SA-7. Which reaction sequence will produce tert-butylamine in good yield? (CH3))CNH; 


(А) (CH,);CBr М (B)  (cuycgr SX №. 


(С) О (D) 


1 112 И SOCk NH B 
(CHs);CCOH #028. Ni, 5 на (CHs);CCOH > > DS 
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Knowledge Required: (1) Methods for the preparation of amines. (2) Hofmann rearrangement. (3) That tertiary 
alkyl halides undergo eliminations, not substitutions, with basic nucleophiles. 


Thinking it Through: Recall that because tertiary alkyl halides are sterically hindered to backside attack by 
nucleophiles, they undergo eliminations with basic nucleophiles instead of S,2 displacements. The ammonia in 
choice (A) is basic enough to cause the tert-butyl bromide to undergo elimination to give isobutylene, not tert- 
butylamine. Cyanide ion is also basic enough to cause elimination of the tert-butyl bromide. Even if cyanide did 
substitute, reduction of the resulting nitrile would give neopentylamine, not tert-butylamine. In choice (C), the 
carboxylic acid is converted into its amide, which is then reduced to the amine with LiAIH,. Once again the amine 
would be neopentylamine, not tert-butylamine. This leaves choice (D) as the correct answer. The same carboxylic 
acid as in choice (C) is converted into its amide, which undergoes a Hofmann rearrangement upon treatment with 
an alkaline bromine solution to give tert-butylamine via an intermediate tert-butyl isocyanate. 


но 
-CO; 


О 
ЇЇ B n 
(CH3)3C - C-NH; БОН” (CH3)3C м ver — (CH3C-N-C-O 


What is the expected product from this reaction sequence? 
! ! 1. NaOCH;CH; 1.NaOCH;CH; H20, Н+ 
CH3CH;CH;CCH;COCH?;CH; TIENE" "S А" 


(А) О (В) о 
CH3CH;CH4CCH;CH;CH; CH;CH;CHCCH;CH; 
CH; 


(C) о (D) Cm 9 
CH3CH2CH2CCHCH3 CH3CH2C — CCH; 


Knowledge Required: (1) The acidity of B-dicarbony! compounds. (2) The alkylation and decarboxyklation of В- 
keto acids. 


Thinking it Through: A hydrogen atom attached to a carbon atom between two carbonyl groups is fairly acidic 
(pK, = 11-14) and is quantitatively abstracted by alkoxide bases to give a resonance-stabilized enolate ion. This 
enolate ion may be alkylated on the carbon atom with alkyl halides. If another hydrogen atom is attached to the 
carbon atom between the two carbonyl groups, it too may be abstracted and a second alkyl group added. If one of 
the carbonyl groups is an ester, hydrolysis will yield a carboxylic acid in which the carboxyl group is В to another 
carbonyl group. Such carboxylic acids are unstable to heat, and they decarboxylate to give a monocarbonyl 
compound. In this question, a В-Кею ester undergoes two successive deprotonations and alkylations with methyl 
iodide followed by acid hydrolysis and decarboxylation, to yield an alkylated ketone. Because of the mechanism for 
this reaction, two methyl groups must be attached to the same carbon atom of the ketone. Thus choices (A) and 
(B) may be eliminated. Choice (A) is illogical. Choice (B) results from methylation of two different carbon 
atoms, the one that is о to both carbonyls and the one that is о to only the ketone carbonyl. Choices (C) and (D) 
both have two methyl groups attached to a single carbon atom. In choice (D) the methyl groups are attached to the 
carbon atom that was с to only the ketone carbonyl group, whereas in choice (C) the methyl groups are attached 
to the carbon atom that was о to both carbonyl groups. Thus, choice (C) is the correct answer. Had the starting 
material been a D-diester, the final decarboxylation product would have been a carboxylic acid instead of a ketone. 
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An unknown compound reacts with sodium metal to liberate hydrogen gas. When the compound is 
treated with an alkaline solution of iodine, a yellow precipitate forms. Which compound is consistent 


with this data? 

(A) СНОН (В) OH 
i on 

(C) OH (D) О 


Т LEST ESSOS EEE OEELESSSSEEOSESIGEDDSOESISSESSSSESESER OS STSESE SSS 5 


Knowledge Required: (1) The reaction of alcohols with sodium metal. (2) The classes of compounds that 
undergo the haloform reaction. (3) The fact that iodoform is a yellow solid. 


Thinking it Through: Choices (A), (B) and (C) all contain an OH group and will react with sodium metal to 
liberate hydrogen gas, but choice (D), a ketone, will not, and may be eliminated from consideration. The cleavage 
of a ketone with an & methyl group, or acetaldehyde, into СНХ, (haloform) and a carboxylate salt by the action of 
alkaline solution of a halogen is known as the haloform reaction. Because iodoform (CHI,) is a yellow solid, an 
alkaline solution of iodine serves as the basis for a qualitative test for the presence of a methyl ketone or 
acetaldehyde. Alkaline solutions of halogens are oxidizing agents; therefore, any alcohol that can be oxidized to 
either a methyl ketone or acetaldehyde will undergo the haloform reaction, and give a positive iodoform test. Only 
the alcohol in choice (B) can be oxidized to a methyl ketone and undergo an iodoform reaction to produce the Ё 
yellow СНІ,. Choice (B) is the correct answer. 


Which reaction sequence will accomplish this 
transformation in good yield? 


(A) CH3CH;Cl  CH3CH;CH;CI 
АІС} AICI; 


(B) Q О 
СН:ССІ CH;CH,CCI — Zn(H 
АІСЬ АІС} сопс. НСІ 


(С) 


о 
и 
CH3CH2CCI_ СНзСН.С1  Zn(H 
AICI АІС} сопс. НСІ 


(р) О о 
CH;3CH;CCI  Zn(Hg) _ CH3CCl  Zn(H 
AlCl; conc. HCl АІС} сопс. НСІ 
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Knowledge Required: (1) The mechanism of electrophilic aromatic substitutions. (2) Directing effects of 
electron-donating substituents versus electron-withdrawing substituents. (3) Friedel-Crafts reaction. (4) 
Clemmensen reduction of ketone carbonyl groups to methylene groups. 


Thinking it Through: The product has two alkyl groups para to each other and could conceivably be 
synthesized by two successive Friedel-Crafts alkylations, as in choice (A). However, recall that the products from 
Friedel-Crafts reactions with primary alkyl halides are primarily those derived from a rearranged alkyl group. Thus, 
choice (A) would give predominantly p- ethylisopropylbenzene and is incorrect. The best way to attach a primary 
alkyl group to a benzene ring is to perform a Friedel-Crafts acylation and then reduce the carbonyl group to a 
methylene group by either a Clemmensen (Zn(Hg), conc. НСІ) or Wolff-Kishner (NH,NH,, NaOH, A) reduction. 
Choices (B), (C) and (D) all involve Friedel-Crafts acylations and Clemmensen reductions, but choices (B) and 
(C) have fatal flaws, which allows them to be eliminated. The first flaw is that Friedel-Crafts reactions cannot be 
done on rings that bear substituents more deactivating than halogens. Once an acyl group is attached to the ring it 
prevents any further acylation or alkylation. A second flaw is that even if a further Friedel-Crafts reaction were 
possible, an acyl group is a meta-director and would give a m-disubstituited benzene, not a p-disubstituted benzene. 
By default, choice (D) must be the correct answer. In (D), the first acylation followed by a Clemmensen reduction 
gives propylbenzene, which then undergoes a second acylation and reduction, to give the desired p- 
ethylpropylbenzene. One might have introduced the ethyl group via a Friedel-Crafts alkylation with ethyl chloride, 
but the propyl and ethyl groups activate the ring toward multiple alkylation. The acylation/reduction sequence 
ensures the formation of only a disubstituted product. 


SA-11. Which of these reaction sequences will produce m-bromochlorobenzene? 


( A ) .HNO; Hj .NaNO;. ex 


9504 Pt” НСІ, 0 °С" 


. Bn _ _МаМО› сил 
HCl, 0 °С” 


"FeBr Pt” НС1,0°С 


HNO; NaNO: _ со 
T50, HClo°C” 


or 
” Q + 
"C. Bn. Ha NaNO, сыс 
OQ 


mE СОСЕН nnn nnn D 


Knowledge Required: " The mechanism of P"-—Ó aromatic substitutions. (2) Directing effects of 
electron-donating substituents versus electron-withdrawing substituents. (3) Reduction of nitro groups to amino 
groups. (4) Conditions for nitration and bromination of benzene rings. (5) Diazotization of anilines. (6) 
Displacement of molecular nitrogen from diazonium ions (Sandmeyer reaction). 


Thinking it Through: In choice (A), the nitration and reduction would place an amino group ortho or para to 
the bromine. The subsequent diazotization of the amino group and Sandmeyer reaction would produce 
o-bromochlorobenzene or p-bromochlorobenzene, not m-bromochlorobenzene. Thus choice (A) is incorrect. 
Choice (B) is also incorrect because the aniline produced by the initial reduction of nitrobenzene is so reactive 
towards bromination that it produces 2,4,6 tribromoaniline. In choice (C), the bromination of nitrobenzene will 
give m-bromonitrobenzene, and the subsequent reduction, diazotization, and Sandmeyer displacement will produce 
the correct product, m-bromochlorobenzene. Choice (D) is incorrect because (1) the nitro group would be 
introduced ortho or para to the bromine and (2) no further reaction would occur as the nitro group has not been 
reduced to an amino group. 
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Practice Questions 
1. Alkene derivatives of pristane (2,6,10,14- 
tetramethylpentadecane) can be isolated from 
marine zooplankton and are important in the 
study of the marine food chain. Which of these 
routes is best for the preparation of pristane? 


реа 


pristane 


1. PSPS 


m: guy 


(1/2 molar equiv.) 


(B) 
AY M 
SS 
= 2. к Же ИГ 


Вг 


Н» (excess) 


H3 (excess) 


v Rows Br 
1. Ki (2 molar equiv.) Н» (excess) 
rr 


во 


2. What is the expected product from this reaction 
sequence? 


о 
I 
BrCH,CH,CH HOCH:ÇH,OH, Мастссн,, ссн, H20, Hr 


(A) OH 
HOCH;CH;OCH;CH;CHC s CCH; 


(B) OH 
BrCH;CH;CHC * CCH; 


(C) i 
CH34C&CCH;CH;CC s CCH; 


( D ) И 
CH3C&CCH;CH;CH 
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3. Whatis the major product of this reaction 


sequence? 
CH,-Cec-H Pha, SE d E aper 
(A) 


u 
CH,CH;—C-CH; 


(B ) 1 
CH4CH;CH;—C-H 


(C) CH;3CH-CHCH;0H 


(D) OH . 
CH,CH,CHCH; 


. Which OH 


combination of 
reagents could be 
used to synthesize this alcohol? 


(A) 


CH3CH,CH,C(CH;), 


1 
CH34CH;CH;CH + СН;МрВг 


(В) 
Ш 
CH3CH;CH;CH + CH3CH2MgBr 


(C) 
1 
CH3CH;CH;COCH, + 2CH3MgBr 


(D) 
П 
CH3CH + (СНз):СНСН,МрВг 


. Which sequence could be D 


used to synthesize this CH4CH ! 
deuterium labeled id 


hydrocarbon? CH; 
(A) Br 
cH,cHcH, М 
(B) єн, 
СН; 


Mg, CHsCH_ DCI, р,о 


(С) 


(р) Вг 
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6. Which reaction sequence OH 9. What intermediate, leading to the major 
would accomplish the CH,CH;CHCH; product, is formed in this reaction? 
synthesis of this alcohol? О 

11 
(А) о (CH3),CHCH,CNH) рт” (СНз) СНСНМН; 
НВг Mg. 1. HCH 
CH;CH;CHOH = ат 2.120, н? (А) Y 
B 1. СНЗМВг _ 1. LiAIH, (СНз) СНСНСМН; 
(в) CH3CH2CH20H 7 H,0,H* —2.H;0,H* 
HjS0, ЊО nd id 
conc. 
(C) CH,CH;CH;0H "oi ue (СНз):СНСН:СМН; 
OH 
(D) 7 ЖМ š 
{_хҥсосгесо (C) (СНз):СНСН,М=С=0 
CH3CH2CH,0H 
(D) o 
1. CH3MgBr M 
2. НО, H* (CH3)2CHCH,CO- 
7. Which of these methods will produce 10. What is the product of this reaction? 
1-pentanol? о 
Br; 
г CH,CH;CH;MgBr 4, CoHsCH2CNHa aoc, ся;он” 
1. В.Н, THF C6HsCH,NH 
п CH,CH;CH;CH-CH; эмб” ы 
о 
KOC(CH;) H;O (B) [ 
IIl CH;CH;CH;CH;CH3Br 22. AE C4H4CH;COCH; 
HCH (С) n 
IV CH;CH;CH;CH?MgBr incom C¢HsCH,NHCOCH; 
(A) L IL IV (B) L II, IH (D) о 
(C) LIIL IV (D) II, III, IV CeHSCHONE, 
Br 

8. Which would be the best method to prepare 
propylamine uncontaminated with 11. Which sequence of reagents would best effect 
dipropylamine? this transformation? 

(А) cH,cH,CHjBr № v m n 
CH3CCH;COCH; — CH4CCH;CH;C4H; 
B) o 
( (A) NaOCH; CeH;CHo?Br. H20, Н“ 
NK ^ 
А “5 (B) NaOH, С;н;СНВг H20, H+ 
CH3CH;CH;Br Tux A 
(С) (С) ШАІН; НВг С;Н;1і 
и Br; 
CH3CH;CNH; "NaOH" (D)  CeHsCHoLi, NaBH, H20, H* 
(D) CH,CHyCH)Br < 2~ 
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12. Which would be a suitable solvent for the 15. Which sequence of reagents would effect this 
preparation of ethylmagnesium bromide from conversion in highest yield? 
ethyl bromide and magnesium? 


CI 
(A) CH,CO,CH,CH, 
(B) CH,CH,OH Q — 
CH;CH;CH; 


(C) CH,OCH,CH,OCH, 


(D) CH,CO,H (A) CH:CHCHhCL с, 
АКБ FeCl 
13. What is the product of this reaction sequence? (B) _Сь , CH3;CH,CH,C! 
m FeCh ^ АКЪ > 
NaOCH;  BrCH;CH9Br _Н2О,Н 
CH2(CO2CHs3)2 (1/2 molar equiv.) А (C) о 
CHa4CH;CCI Zn(Hg) Ch 
(A) [^—co;H АКБ ^ H;O0,H* FeCh 
(D) o 
(B) HO;CCH;CH;CH;CH;CO;H CH;CH,CCI Ch тан 
(C) BrCH;CH;CH;CO;H АСВ  FeCh НО, H* 
(D) HO;CCH;CH;CO;H 16. What is the product of this reaction sequence? 
14. Which reaction sequence CO;H 
might be used to NaNO; 
synthesize this HCLO*C" slightly alkaline 
compound? 
NO, NO; 
Br 
A OH 
(A) (A) 


CH; 
Br, . 1. KMnO, NaOH, A, HNO; on не 
FeBr; 2. H20, H* Н2$04 


ОН 
p (B) 
CH; ON о 
1. KMnO,, NaOH, А Br HNO; 
2. Н2О, H* FeBr; H SO, 
OH 


FeBr; AlCl; 2. НО, H* 


(C) мо, (С) 
ON N=N 
CY Вг; СНС 1. KMnO,, NaOH, A е Ly „к= 


HO 
(D) (D) 
NO, ON 
СЊСІ 1. KMnO4, NaOH, A Вг, 
АКБ” 2. H20, H* FeBr; - 


162 


Synthesis and Qualitative Analysis 


17. 


18. 


Which sequence 
of reagents will 
accomplish this 
transformation? 


(A) NaNO, CuBr 
НСІ, 0 °C A 


(B) NaNO, НРО) Br 
НСІ, 0 °C 


(C) Эш DAE, 


(D) Br,  NaNO,, НРО 
HCI, 0°C 


Predict the major product of this reaction 


Вг, $0СЬ 


FeBr3 A 


(A) О 
CNHCH; 
Br 
(B) О 
СОН 
МНСН» 
(с) 9 
CNHCH; 
NHCH; 
(D) СҮ 
BO 
[9] 


CH3NH; 


19. 


20. 


21. 


Which sequence 
of reagents will 
effect this 

transformation? 


COH 


o9 


(А) СНзСН2С_ НМОз _ KMnO4, NaOH 
AlCl H2504 A 
(B) HNO; Br; Mg 1. СО, 
H2SO, FeBr} ether 2. H20, Н* 
(C) НМОз _ CH3CH;Cl KMnO,, NaOH 
H2SO, AlCl; A 
(D) CH3CH)Cl_ KMnO4, NaOH HNO; 
AICI; A H250; 


A compound yields an orange precipitate when 
treated with 2,4-dinitrophenylhydrazine in an 
acidic solution. The compound also reacts with 
Ag(NH,,' OH (Tollens reagent). Which 
compound is consistent with these 
observations? 


(A) 2-pentanone (B) pentanal 


(C) 2-pentanol (D) methyl pentanoate 
An unknown alkene gives propanal as the only 
product upon ozonolysis (reductive workup). 
When the unknown is treated with bromine in 
carbon tetrachloride, an optically inactive 
dibromide is formed, which cannot be resolved 
into enantiomers. Which of these alkenes is 
consistent with this data? 


(A) CH; CHCH; 


(C) H (CH2CH3 


CHCH H 
(D) CH;CH; 
` 
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23. 


WU N m 


22. A tetrapeptide, containing 2 moles of glycine 24. An optically active alcohol with the molecular 
(Gly) and 1 mole each of leucine (Leu) and formula of С.Н,О undergoes hydrogenation 
alanine (Ala) of unknown sequence, gives a over platinum to give an optically inactive 
dinitrophenyl derivative of Gly after treatment alcohol. Which of these alcohols is consistent 
with 1-fluoro-2,4-dinitrobenzene and complete with this data? 
hydrolysis. Partial hydrolysis of the tetrapeptide (A) OH 
gives Gly-Ala and Gly-Gly. What is the amino 1 
acid sequence in the original tetrapeptide? HC*CCHCH;CH; 

(A) Ala-Gly-Gly-Leu (B) OH 
(B) Gly-Ala-Gly-Leu о 
(C) Leu-Gly-Gly-Ala (C) co 
(D) Gly-Gly-Ala-Leu 
(D) [>—on 
An unknown compound is not oxidized by 
chromic acid solution. When dissolved in Lucas . : | 
reagent (conc. HCI/ZnCl,), the solution 25. Which two of these reaction sequences will 
immediately becomes cloudy with the effect this transformation? 
separation of a second liquid phase. Which 
compound is consistent with this data? CH;C=CCH; — 
(A) n 
CH3CH;CH;CH 
H OsO, (cat. amt.) 
(B) OH Г Geactivated Pd НО» (excess) 
CH;CH,CCH; Na "OsO, (cat. amt.) 
in П 19 ҸИ; > НО; (excess) 
3 
H2 CH3CO3H H20 
! Na CH;CO3H H20 
CH3CH;CHCH; IV "lg. NH; NH; ape он” 
(D) T (А) Папа Ш (В) Тапа Ш 
CH3CH2CCH; 
(С) Тапа ТУ (D) II and IV 
Answers to Study Questions 
A 4. В Te D 10.D 
С 5. В 8. С 11.С 
D 6. B 9. B 
Answers to Practice Questions 
B 8. B 15.D 22.D 
D 9. С 16.С 23.В 
А 10.С 17.D 24.А 
С 11.А 18.А 25.С 
В 12.С 19.А 
D 13.A 20.B 
A 14.A 21.C 
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